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Natural disturbances of moderate severity are common in northern temperate forests in Maine, 
USA.  Given estimated return intervals of 575-1000 years for severe windstorms and 385-1200 years for 
severe fire events, few opportunities arise to evaluate high severity disturbances in northern mixedwood 
or northern conifer forests.  This research evaluated 50-year results of clearcutting with whole-tree 
harvesting (WTH), stem-only harvesting (SOH), and stem-only harvesting with prescribed burning 
(SOHB) on growing stock, composition, and relationships among foliar and soil nutrient concentrations.  
At the other end of the disturbance spectrum, this research also investigated 60-year results of single-tree 
selection with a 10-year cutting cycle (SEL).  In the latter study, relationships between canopy openness 
and understory species diversity were quantified at different spatial scales.  Both studies occurred on the 
Penobscot Experimental Forest, Bradley, ME. 
Chapter 1 reports effects of WTH, SOH, and SOHB on growing stock and composition.  Fifty 
years after harvest, hardwood composition was greatest in SOHB, though there were no significant 
differences in growing stock levels among treatments.  Though present in smaller numbers, eastern white 
pine (Pinus strobus) was most abundant in WTH.  Independent of treatment, stem density decreased with 
increasing O horizon thickness.  Chapter 2 describes effects of WTH, SOH, and site condition on foliar 
  
 
and soil nutrient concentrations of dominant hardwood (red maple, Acer rubrum) and softwood (balsam 
fir, Abies balsamea) trees relative to an unharvested reference (REF).  No effects of treatment or site were 
found on soil and foliar nutrient concentrations; relationships among soil and foliar nutrient 
concentrations were species-specific.  Chapter 3 explores relationships between canopy openness and 
understory species diversity across varying site conditions in SEL and REF stands.  Lower canopy 
openness was observed in SEL than REF and the effect of canopy openness on diversity varied by 
treatment.  Below 0.12 canopy openness, understory species diversity was lower in REF than SEL; above 
that level diversity in REF increased with increasing canopy openness and exceeded that of SEL. Findings 
highlight the implications of disturbance and site for forest productivity at various spatial scales, as 
expressed by stand overstory stocking and composition and sub-stand understory species diversity. 
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PROLOGUE 
Stand-replacing disturbances are uncommon in the Northeast (Fraver and White, 2005; Lorimer 
and White, 2003; Seymour et al., 2002).  More commonly seen are small-scale disturbances of moderate 
severity such as those caused by tree-fall or host-specific disturbances (Fraver and White, 2005).  
Seymour et al. (2002) compares these scales of natural disturbance in the Northeast to silvicultural 
systems, with single-tree selection cutting falling within the range of natural canopy gaps.  At the other 
end of the spectrum, intensive silvicultural practices, such as clearcutting, increase canopy openness by 
removing more aboveground biomass than single-tree removals.  When combined with intensive 
silvicultural treatments such as clearcutting, whole-tree harvesting (WTH) has potential to reduce site 
productivity, relative to clearcutting with conventional stem-only harvesting (SOH; Thiffault et al., 2011).  
The same could be said for post-harvest prescribed burning following clearcutting with stem-only 
harvesting (SOHB), as canopy removal by fire is also uncommon in the Northeast (Lorimer and White, 
2003; Seymour et al., 2002).  More specifically, the effects of incremental removal of biomass have been 
of particular concern on conifer-dominated sites of moderate to poor productivity (Egnell, 2011; Egnell 
and Valinger, 2003; Johnson and Curtis, 2001). 
For evaluating the effects of WTH and SOHB on site productivity, we utilized a repurposed 
spruce-fir regeneration and nutrient status study (C33) established in 1964-65 on the Penobscot 
Experimental Forest (PEF) in Maine.  Site potential is of moderate to poor productivity.  This research 
approach further highlights the value of utilizing established studies to address contemporary concerns.  It 
should be noted that this study had remained inactive on the PEF until reopening in 2013-14.  We discuss 
its history and previous findings here. 
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History of C33 – Strip-width Slash Disposal Regeneration and Nutrient Status Study 
Prior to the widespread use of WTH in the 1970s, and during the rise of the Production Forestry 
Era in the 1960s, forest management was based on high-yield, low-cost wood production practices 
(Kenefic and Brissette, 2014; Seymour et al., 2006).  There was a shift in focus from natural regeneration 
to tending, which included site preparation to improve seedbed conditions.  From an experimental design 
perspective, there was a move towards much smaller experimental unit sizes, permitting comparison of 
multiple treatments while also maintaining adequate replication (Seymour et al., 2006).  It was during this 
time that the U.S. Forest Service (USFS) established studies of thinning, fertilization, planting, and strip 
clearcutting on the PEF, located in Bradley, Maine (Kenefic and Brissette, 2014).  One study (C33) of 
strip-clearcutting on the PEF included three slash disposal methods, one of which included post-harvest 
prescribed burning as a site preparation technique.  The other two slash disposal treatments were removal 
of slash and retention of slash, where the initial intent was to determine the effect of slash disposal 
method on spruce-fir establishment following clearcutting.  Furthermore, this study was established 
during the rise of mechanization, partly induced by a labor shortage in the forestry industry (Vail, 1989).  
Predicting the utilization of larger equipment in harvesting of commercial wood products, an additional 
objective of this study was to observe site conditions following bole-only and whole-tree removal, and 
their effects on advance regeneration following a strip clearcut (Czapowskyj et al., 1976; Kenefic and 
Brissette, 2014).  
Immediately following the harvest and post-harvest prescribed burning, researchers observed that 
more mineral soil had been exposed on sites where the slash had been removed than on sites that had been 
burned (Bjorkbom and Frank, 1968).  The burn treatment was unsuccessful in removing all slash.  Only 
50 percent of the harvested area was scorched or partially charred (Bjorkbom and Frank, 1968).  Four 
years post-harvest, hardwood regeneration exceeded pre-cut densities and was greater in proportion to 
softwood regeneration on all slash disposal treatments (Rinaldi, 1970).  On sites where slash was left, 
softwood regeneration > 0.15 m in height to 8.9 cm in diameter at breast height (dbh) exceeded pre-
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treatment levels (Rinaldi, 1970).  Though all treatments were equally browsed by deer and hare, sites 
where slash was left had more browsing of herbaceous vegetation.  Ten years post-harvest, the same slash 
disposal method had the lowest stocking of hardwood seedlings compared to the other treatments 
(Czapowskyj et al., 1976).  Spruce stocking was greatest on sites where slash was removed, though low in 
proportion to abundance of hardwoods.  On both sites of slash removal and retention, more softwood 
regeneration was observed along the southern edge of each strip clearcut.  Data were not available for the 
immediate edges of sites where slash was burned, as these areas were avoided during burning.  Overall, 
the effect of strip width became less pronounced on regeneration over time, and regeneration appeared to 
be influenced by both position within the strip and slash disposal method (Czapowskyj et al., 1976). 
 Forest floor, mineral soil, and foliar nutrient concentrations of young balsam fir were measured 8 
years following slash disposal (Czapowskyj, 1979; Czapowskyj et al., 1977).  Differences in the forest 
floor between the three slash disposal treatments and the unharvested reference (originally located in 
buffers between the slash disposal treatments) within poorly and moderately well-drained sites were 
found to best be characterized by percent base saturation (Czapowskyj et al., 1977).  Greater percentage 
of base saturation was found in all slash disposal treatments relative to the unharvested reference.  When 
comparing across slash disposal treatments, sites that had been burned or where slash had been left were 
found to have greater percent base saturation than sites where the slash had been removed.  On well-
drained sites, differences in the forest floor between the slash disposal treatments and the unharvested 
reference were best characterized by differences in pH.  Where slash had been burned or removed on 
well-drained sites, pH was significantly greater than that seen on the unharvested reference (Czapowskyj 
et al., 1977).  Though not observed to be statistically significant, forest floor thickness was observed to 
decrease with improvement in drainage classes (i.e. from poorly drained to well-drained).   
Looking at mineral soil properties, treatments on poorly drained sites were best characterized by 
differences in pH, whereas treatments on moderately well-drained sites were best characterized by 
differences in Ca concentrations (Czapowskyj et al., 1977).  Relative to the unharvested reference, and 
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sites where slash had been removed or burned, pH was significantly greater on poorly-drained sites where 
slash had been left.  Furthermore, Ca concentrations on poorly drained sites were greater than on well-
drained and moderately well-drained sites, independent of treatment. 
As with forest floor and mineral soil nutrient concentrations, Czapowskyj (1979) found 
significant differences in foliar nutrients across soil drainage classes.  On well-drained and moderately 
well-drained sites, foliar K and N concentrations were higher than those in poorly drained and very poorly 
drained soils.  Similarly, foliar P was greatest on well-drained sites relative to other soil drainage classes.  
No effects of slash disposal were found. 
Sometime in the 1980s this study became inactive and eventually closed.  However, given the 
similarities between slash disposal treatments applied in this strip clearcutting study and biomass 
harvesting, we saw the potential value in extracting 50-year results of a biomass harvest on site 
productivity in a temperate forest. 
 
Utilization of a 60-year Single-tree Selection Study 
History, treatment specifications, and stocking of the single-tree selection experiment on the PEF 
have been documented in detail in Kenefic et al. (2015), Kenefic and Brissette (2014), and Sendak et al. 
(2003).  However, a plot-level inventory of understory plant composition on the Penobscot Experimental 
Forest (PEF) had not occurred until 2006-07.  During this time, Bryce (2009) gathered base-line 
measurements of understory plant composition and species diversity, and evaluated the influence of 
exploitative cutting, even-aged silviculture, and uneven-aged silviculture (which included single-tree 
selection).  We follow-up these baseline measurements, generating findings 8 years later in the single-tree 
selection cutting treatment with a 10-year cutting cycle.   
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Overall Research Objectives 
Overall in this dissertation, I quantify the effects of the gradient from severe disturbance to partial 
disturbance on stand structure and composition, given varying site conditions, and then characterize how 
these relationships influence nutrient availability and understory plant dynamics.  In the first chapter, I 
investigate the relationship between intensive harvesting disturbances and long-term stand structure and 
composition, and aboveground carbon stock.  In the second chapter, I explore how this relationship 
influences soil and foliar nutrient concentrations.  In the third chapter I examine the relationship between 
partial harvesting disturbances and structure, as well as how this relationship influences understory 
species and microsite dynamics.  Specific research objectives were: (1) quantify the long-term (50-year) 
effects of WTH, SOH, and SOHB, site condition, and their potential interaction, on stand structure, 
composition, and aboveground carbon stock; (2) further evaluate the effects of WTH, SOH, and site 
condition on soil and foliar nutrient concentrations relative to an unharvested reference; and (3) assess the 
relationship between canopy openness and single-tree selection cutting and the effects of this relationship 
on understory species diversity of both vascular and non-vascular plants. 
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CHAPTER 1 
NORTHERN MIXEDWOOD COMPOSITION AND PRODUCTIVITY 50 YEARS AFTER 
WHOLE-TREE AND STEM-ONLY HARVESTING WITH AND WITHOUT POST-HARVEST 
PRESCRIBED BURNING 
 
1.1. Abstract 
 Forest biomass production and utilization have been suggested for enhancing carbon 
sequestration within forests and reducing CO2 emissions from fossil fuel combustion.  Whole-tree 
harvesting (WTH) is increasingly used to extract forest biomass for energy and commercial wood 
products.  Furthermore, slash burning is often used to reduce aboveground biomass for fuels reduction 
and site preparation purposes.  However, the effects of incremental biomass reduction, from either WTH 
or slash burning, on long-term forest productivity and composition are poorly understood.  This research 
leverages an existing northern mixedwood (Picea – Abies – hardwood) study on the Penobscot 
Experimental Forest in Maine, United States (U.S.) to address these concerns.  Clearcutting was 
conducted in 1964-65 with WTH, stem-only harvesting (SOH), and SOH with post-harvest prescribed 
burning of logging residues (SOHB).  Growing stock, composition, and soils (O horizon thickness and 
soil drainage) were measured 50 years after treatment on 17 fixed-area plots and evaluated using mixed-
effects ANOVA.  Hardwood composition (percent of total basal area) increased from pre-treatment levels 
in all treatments, but was higher in SOHB than SOH and WTH.  White pine, though a minor species, was 
found to be significantly higher in WTH than SOH or SOHB.  Results indicated no other significant 
differences in species, or in structure or stand productivity (total basal area, stem density, dominant 
height, quadratic mean diameter, and total above-ground carbon stock) among treatments.  Site did appear 
to influence stem density, which decreased with increasing O horizon thickness (i.e., fewer stems on more 
poorly drained sites), though total stocking did not differ.  These findings suggest that relative to SOH, 
WTH and SOHB do not degrade northern mixedwood stand productivity as expressed by structure and 
stocking 50 years after a single treatment, even on a site with low to moderate production potential.  
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Nevertheless, species shifts associated with clearcutting (i.e., shade-tolerant conifer to intolerant 
hardwood composition) and prescribed burning in this forest type may have growing and carbon stock 
implications independent of harvesting method, and should be considered in light of the tendency to use 
either for intensive silviculture treatments. 
 
1.2. Introduction 
Woody biomass is increasingly used as an alternative source of energy (Janowiak and Webster, 
2010; Lattimore et al., 2009; Perlack et al., 2005; Perlack and Stokes, 2011).  A common method of 
extracting woody biomass is through whole-tree harvesting (WTH), wherein both the bole and woody 
residues from the canopy and branches are extracted for various wood products, heat, and electricity 
(Janowiak and Webster, 2010; Kellomäki et al., 2013).  In the northeastern U.S., WTH is a common 
practice, accounting for approximately 50 to 80 percent of timber production depending on state (Leon 
and Benjamin, 2012).  However, there are concerns about the long-term impacts of incremental stem-only 
to whole-tree removal of biomass on, but not limited to, nutrient availability (Kimmins, 1976; Mann et 
al., 1988; Smith Jr. et al., 1986), carbon storage (Fahey et al., 2010; Kellomäki et al., 2013; Lackner, 
2003), and post-harvest structure and composition (Lattimore et al., 2009). 
Results appear to vary by site condition, with a predominant concern of negative productivity 
impacts following WTH on poorly drained, less fertile, and conifer-dominated sites (Thiffault et al., 
2011).  However, effects of harvest on productivity may be further confounded by ecological factors such 
as stand structure and composition, and site condition (Fahey et al., 2010).  In stands of hardwoods and 
softwoods in mixture, resources are utilized differently by each species depending on their functional 
traits, with implications for differences in stand structure and dynamics (Hendrickson et al., 1987; Kelty 
et al., 1992).  Yet few studies of northern mixedwood stands following WTH are currently available (e.g, 
Hendrickson, 1988; McInnis and Roberts, 1994).  Furthermore, most studies measuring aboveground site 
productivity following WTH have not extended past 20 years post-harvest (Thiffault et al., 2011).  
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Implications of biomass removal within one to two decades of treatment may not be adequate for 
evaluating multi-decadal long-term effects. 
 
1.2.1. Mixedwood Composition and Productivity Following Biomass Removals 
Following intensive silvicultural treatments such as clearcutting, shifts in species composition are 
common in northern mixedwood stands (Westveld, 1928).  An increase in shade-intolerant and 
intermediate hardwood stem densities was found in mixedwood (Picea – Abies – hardwood) stands one 
year following clearcutting with WTH (compared to clearcutting with SOH) in New Brunswick, Canada 
(McInnis and Roberts, 1994).  Similarly, on a mixedwood (Pinus – Populus) site in central Ontario, 
Canada, a shift in dominance from mixedwood to Populus was observed two and four years following 
clearcutting regardless of harvest method, with more Populus stems observed on WTH sites than SOH 
sites (Hendrickson, 1988). 
Even with observed shifts in species composition following intensive silvicultural treatments, few 
treatment differences in aboveground productivity have been found on mixedwood sites when comparing 
WTH to SOH, and are more attributed to silvicultural system, stand development, and/or site condition.  
Hendrickson (1988) found no evidence of reduced aboveground productivity 4 years after harvest on sites 
clearcut with WTH, though nutrient concentrations were lower in woody vegetation on WTH sites 
relative to SOH sites.  In contrast, Waters et al. (2004) observed that regeneration densities of balsam fir 
(Abies balsamea) and white spruce (Picea glauca) were lower 1 and 3 years following clearcutting with 
WTH than with SOH in mixedwood (Picea – Populus – Abies) stands in Manitoba, Canada.  Differences 
in conifer densities on these mixedwood sites varied by site condition, regardless of harvest method.  In 
mixedwood (Picea – Abies – hardwood) stands in central Maine, U.S., sites that received commercial 
clearcutting with SOH had lower overstory carbon stock than selection and shelterwood harvests with 
SOH, 60 years after initial treatment (Puhlick et al. 2016).  Furthermore, Puhlick et al. (2016) found a 
weak treatment by site interaction effect on coarse woody material (CWM) carbon stocks.   
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 Briedis et al. (2011) reported low volumes of large snags and down woody material in 
mixedwood stands in central Maine, U.S., following partial harvesting or overstory removal with WTH.  
However, they concluded that this was due to a pre-treatment stand condition that had resulted from prior 
repeated harvests rather than WTH.  Similarly, Burke (2011) predicted greater cumulative biomass 
removals from simulated balsam fir monocultures that received both pre-commercial thinning and 
commercial thinning treatments prior to clearcutting with WTH at a rotation age of 100 years, relative to 
clearcutting with SOH at rotation age.  Though this approach assumes complete removal of all 
aboveground biomass, Briedis et al. (2011) observed that an average of 45 percent of logging residues 
produced during harvest remain on site in northern mixedwood stands.  Furthermore, logging residues 
have been found to vary among sites due to differences in pre-harvest stand condition (Morris et al., 
2014).  Overall, the literature highlights the complexities associated with these treatments and the need to 
better understand their long-term influence, particularly in mixedwood stands. 
 
1.2.2. Variation in Long-term Whole-tree Harvesting Studies 
The availability of studies of long-temporal scale is a function, in part, of the timing of the 
emergence of WTH in Europe, the U.S., and Canada, all of which contain some of the longest post-
harvest observations of site productivity.  The shift from conventional SOH to WTH methods became 
most prominent in the 1970s (McInnis and Roberts, 1994), with some of the earliest studies on site 
productivity beginning in the mid-late 1980s (Thiffault et al., 2011).  Furthermore, long-term comparisons 
between North America and Europe are limited in applicability at a global scale given differences in 
species mixtures (i.e. multi-species compared to monocultures) and number of stand rotations (i.e., single-
rotation compared to multiple rotations; Thiffault et al., 2011).  However, most studies of long temporal 
scale, globally, have encouraged a focus on both species autecology and other confounding factors such 
as site condition, in addition to investigating treatment effects, on site productivity following harvest. 
Most long-term studies in Europe have focused on responses of monocultures to WTH.  Jurevics 
et al. (2016) observed treatment effects on tree carbon pools following clearcutting with WTH and SOH 
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in 32-39 year old Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) plantations in Sweden.  
Though not statistically significant, Norway spruce tree carbon pools were lower on sites that received 
clearcutting with WTH, relative to Scots pine tree carbon pools which either responded favorably or did 
not differ from clearcutting with SOH.  However, Jurevics et al. (2016) found no statistical differences in 
total tree biomass carbon pools between treatments.  In contrast, Egnell (2011) found lower basal area in 
Norway spruce plantations in northern Sweden 31 years following clearcutting with WTH, relative to 
clearcutting with SOH.  He attributed declines in site productivity to reductions in N availability on WTH 
sites.  These results compare favorably to those of Walmsley et al. (2009), who reported that tree 
diameters were smaller on WTH than SOH sites 23 years after harvesting a second-rotation Sitka spruce 
(Picea sitchensis) monoculture in North Wales, U.K.  
In the U.S., long-term studies following WTH have occurred both in plantations and in naturally 
regenerated stands.  No differences were observed in total aboveground biomass in previously western 
larch (Larix occidentalis) dominated stands in northwestern Montana, 38 years following clearcutting 
with WTH and SOH (as evidenced by high and medium biomass utilization levels; Jang et al., 2015).  
Similarly, Johnson et al. (2016) found no differences in aboveground biomass, average diameter, height, 
stem density, or basal area 33 years after clearcutting with WTH and SOH in naturally regenerated mixed 
oak (Quercus prinus – Q. velutina – Q. rubra) stands in Tennessee. In contrast, stand volume growth was 
reduced 20 years following clearcutting with WTH in loblolly pine (Pinus taeda) monocultures on 
nutrient-deficient sites in the Gulf Coastal Plain (Scott, 2016).  It should be noted that the latter-most 
study is part of the international Long-Term Soil Productivity experiment (LTSP; Powers, 2006; Powers 
et al., 1990). 
Some of the longer-term WTH studies in Canada have been LTSP studies, which include organic 
matter removal, compaction, and site preparation.  Twenty years after clearcutting hybrid white spruce 
(Picea glauca × engelmannii) and lodgepole pine (Pinus contorta) stands in British Columbia with WTH, 
Kranabetter et al. (2017) observed species-specific responses in aboveground site productivity.  White 
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spruce volume increment was lower on sites where both the forest floor had been removed and mineral 
soil compacted, in contrast to constant volume increment for lodgepole pine, regardless of treatment.   
With regard to site preparation, Fleming et al. (2014) found no differences in species-specific 
growth in jack pine (Pinus banksiana) stands in northern Ontario 15 years after clearcutting with WTH, 
with and without scarification, and SOH with scarification.  However, they found both natural 
regeneration and total aboveground biomass were lower on sites that received clearcutting with WTH and 
scarification relative SOH with scarification.  On companion sites in northwestern Ontario, Morris et al. 
(2014) found no differences in black spruce (Picea mariana) productivity 15 years following clearcutting 
with SOH and WTH, without scarification.  Furthermore, they found stem density to differ by site, with 
greater stem densities on drier, upland sites, in comparison to more poorly drained sites.  Lastly, Morris et 
al. (2014) found a site by treatment interaction effect on both stand volume increment and basal area 
increment, where productivity was greatest on coarse loamy sites that received clearcutting with WTH 
and scarification. 
 
1.2.3. Removal of Biomass with Fire 
Currently, few studies have compared the long-term site productivity effects of biomass removal 
through prescribed burning relative to mechanical whole-tree removal (e.g., Parker et al., 2001; Thiffault 
et al., 2007).  Additionally, the effects of slash burning on long-term stand development as either a fuels 
reduction or site preparation technique are poorly understood (Clyatt et al., 2017; Stephens et al., 2009).  
Thirty-eight years after clearcutting with SOH, with and without post-harvest prescribed burning, Jang et 
al. (2015) observed species-specific differences between treatments.  They found less Engelmann spruce 
(Picea engelmannii) biomass and more Douglas-fir (Pseudotsuga menziesii) biomass in burned than 
unburned stands.  On another site in western Montana, Clyatt et al. (2017) investigated effects of 
prescribed burning on ponderosa pine (Pinus ponderosa) aboveground biomass 23 years after either a 
shelterwood or thinning treatment. They did not detect an effect from burning in thinned treatments.  In 
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shelterwood treatments, however, there was less aboveground biomass in burned than unburned 
treatments.  They found no difference in coarse woody biomass among all treatment combinations. 
Looking at the short-term, Chiang et al. (2008) found increased snag density and biomass 1-3 
years following prescribed burning in oak-hickory (Quercus – Carya) stands in southern Ohio, U.S.  By 
comparison, Stephens et al. (2009) compared mixed-conifer (Pinus – Abies – Calocedrus) stands in 
California, U.S. to determine whether prescribed burning affected aboveground site productivity 1 year 
post-treatment.  Treatments included prescribed burning only, mechanical treatment (SOH followed by 
mastication) only, and mechanical treatment plus prescribed burning.  Surface deadwood volume was 
lower on burned than unburned sites, regardless of mechanical treatment.  Furthermore, they found that 
mechanical treatment, with or without prescribed burning, resulted in lower total aboveground carbon 
stocks than burning only.  There was no treatment effect on standing dead trees. 
 
1.2.4. Study Goals and Objectives 
The goal of our study was to determine the effects of incremental biomass removal via WTH and 
SOH with post-harvest prescribed burning (SOHB), relative to conventional SOH, on long-term site 
productivity.  This study repurposes an existing slash disposal experiment (Bjorkbom and Frank, 1968; 
Czapowskyj, 1979; Czapowskyj et al., 1977, 1976; Frank and Safford, 1970; Rinaldi, 1970) to address 
contemporary concerns regarding biomass harvesting.  Our objectives were to evaluate the influence of 
site, treatment, and their potential interaction on: (1) stand structure (e.g. stem density, basal area, 
dominant height, and quadratic mean diameter); (2) species composition; and (3) total aboveground 
ecosystem carbon (Mg ha-1).  We hypothesized that site factors such as drainage class and O horizon 
thickness would be more influential on the examined attributes than biomass removal treatments 50 years 
after post-harvest. 
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1.3. Methods 
1.3.1. Study Site 
The 26-ha manipulative experiment repurposed for the present study is in compartment 
(management unit) 33 (C33; Figure 1.1.) on the Penobscot Experimental Forest (PEF) in Bradley, Maine, 
U.S. (44° 51' 56.754'' N, 68° 38' 12.1812'' W).  The PEF falls within a transition zone between boreal and 
broadleaf forest types in the Acadian Forest region (Bailey, 2009; McMahon, 1990), thus contributing to 
its mixed species (mixedwood) nature (Barton et al., 2012).  Natural regeneration is prolific in the region, 
with composition and density a function of site and overstory conditions (Brissette, 1996).  Topography is 
relatively flat on the PEF.  From 1995-2015 the forest received on average 107 cm of precipitation, with a 
mean annual temperature of 7.2 °C (National Weather Service, NOAA).  Soils on C33 are derived 
primarily from glacial-till and marine sediments.  Moderately well drained, Howland loams dominate the 
northern portion of the study, and poorly drained Monarda-Burnham complex and Scantic silt loams 
dominate the southern portion (NRCS, 2015).  Varied drainage throughout the site is also evident in 
cartographic depth-to-water tables estimated from light detection and ranging data (LiDAR), as seen in 
Figure 1.1. (Murphy et al., 2011; UNB Forest Watershed Research Center, 2014).  This varying soil 
drainage, and soil types of both glacial-till and marine origin, contribute to within-site variation in species 
composition. 
At the start of the experiment in 1964, overstory species composition of C33 was characterized as 
spruce-fir (Czapowskyj et al., 1977), with eastern hemlock (Tsuga canadensis) and eastern white pine 
(Pinus strobus) more prevalent on well-drained soils, northern white-cedar and black ash (Fraxinus nigra) 
more prevalent on poorer drainages, and mesic sites supporting red (P. rubens), black, and white spruce, 
as well as balsam fir (Rinaldi, 1970).  All areas of the site contained red maple (Acer rubrum), balsam fir, 
and Picea spp.  Betula and Populus spp. were found in small numbers throughout the study (Rinaldi, 
1970).  For trees ≥ 8.9 cm diameter at breast height (dbh), stand density in 1964 was 1216 trees ha-1.  
Dominant tree species ranged from 70-80 years of age with heights of 11-17 m (Bjorkbom and Frank, 
1968; Czapowskyj et al., 1977; Frank and Safford, 1970).  For trees ≥ 11.4 cm dbh, total volume was 130
 14 
 
 
 
Figure 1.1. Compartment 33 experimental design.  Darker shading in background indicative of higher 
water table depth and poor soil drainage.  Treatments are as follows: SOH = stem-only harvest; SOHB = 
stem-only harvest with burn; WTH = whole-tree harvest. 
 
 m3 ha-1 (Czapowskyj et al., 1977).  Spruce-fir made up 50 percent of this total followed by 25 percent 
hardwood composition, 10 percent eastern white pine and eastern hemlock, and 5 percent northern white-
cedar.  Average diameter of merchantable growing stock was 18 cm (Czapowskyj et al., 1977).  At the 
time of our sampling in 2014-15, C33 had a northern mixedwood composition (Table A.1.).  Dominant 
tree species included balsam fir, quaking (Populus tremuloides) and bigtooth aspen (Populus 
grandidentata), red maple, red and black spruce, and eastern white pine.  Other species present in minor 
proportions included: northern white-cedar (Thuja occidentalis), gray (B. populifolia) and paper birch 
(Betula papyrifera), eastern hemlock, red oak (Quercus rubra), white spruce, and white ash (Fraxinus 
americana).
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1.3.2. Experimental Design and Treatments 
The experimental design of the study was randomized complete block replicated three times 
across the site (Figure 1.1.).  Within each block, three strips were oriented east-west and randomly 
assigned one of three strip widths: 20.1 m, 40.2 m, and 60.4 m, each separated by a 40.2-m wide buffer. A 
60.4-m long buffer was also designated at the end of each strip.  Each strip was then divided into three 
experimental units (EUs; 60.4 m long), and randomly assigned one of three treatments: clearcutting with 
whole-tree skidding; clearcutting with slash left in place; or clearcutting with slash left in place and 
broadcast burned.  These treatments are comparable to whole-tree harvesting (WTH), stem-only 
harvesting (SOH), and SOH with post-harvest prescribed burning (SOHB). All trees ≥ 1.3 m in height, 
regardless of quality, were felled with a chainsaw in each EU (Czapowskyj et al., 1977; Rinaldi, 1970). 
Harvesting occurred from November 1964 – April 1965 (Bjorkbom and Frank, 1968).  Skidding 
was done with a John Deere Model 420 crawler-type tractor.  To avoid skidding across treatment 
boundaries, sawlogs and pulpwood were hauled from the EU to a skid trail on the northern side of each 
strip (Bjorkbom and Frank, 1968).  Burning treatments were performed in August 1965 during low wind 
speeds (Bjorkbom and Frank, 1968).  Immediate edges of the strips were excluded from the burn 
(Czapowskyj et al., 1976).  An average volume of 127.9 m3 ha-1 in wood products was harvested.  
Treatment descriptions are further detailed in Table 1.1.  Minimal disturbance (either abiotic or biotic) has 
occurred since treatment (APPENDIX B). 
 
1.3.3. Data Collection 
In 2014-15, permanent sample plots were installed in each EU within the 40.2-m and 60.4-m 
wide strips.  Each permanent sample plot contained 3 nested sub-plots, laid out in concentric circles 
around plot center: 0.008, 0.02, and 0.08 ha (Waskiewicz et al., 2015).  Small saplings, ≥ 1.3 cm but < 6.4 
cm dbh, were sampled within the 0.008-ha nested plot.  Large saplings, ≥ 6.4 cm, but < 11.4 cm dbh, 
were sampled within the 0.02-ha nested plot.  Overstory live trees and standing snags ≥ 11.4 cm dbh were 
measured within the 0.08-ha nested plot.  To balance site conditions assessed, one 0.02-ha plot was 
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Table 1.1. Previous findings pre- and post- treatment on Compartment 33. 
 
     10-Year Results3** 
Treatment 
General 
Description1,2 
Pre-Treatment 
Conditions3* 
1-3-Year Results1 4-Year Results4* 0-3m  ≥ 6m 
Stem-
Only 
Harvest 
(SOH) 
Branches 
removed and  
left on-site as 
cut; only 
merchantable 
trees removed 
off-site 
Spruce - 247 
Balsam fir - 8,649 
Other Softwoods - 741 
Hardwoods - 1,730 
Mostly intact forest 
floor, slash covered 69 
percent of treated area 
(observed) 
Spruce - 504 
Balsam fir - 13,912 
Other Softwoods - 1,192  
Hardwoods -  44,160 
Spruce - 3,707 
Balsam fir - 30,147 
Other Softwoods - 5,189 
Hardwoods - 13,097 
Spruce - 1,483 
Balsam fir - 22,487 
Other Softwoods - 1,730 
Hardwoods - 20,757 
Stem-
Only 
Harvest 
with Burn 
(SOHB) 
Branches 
removed, left  
on-site and 
broadcast 
burned; only 
merchantable 
trees removed 
off-site 
Spruce - 1,483 
Balsam fir - 13,097 
Other Softwoods - 1,236 
Hardwoods - 4,695 
Only 50 percent of area 
treated was identified as 
scorched or partially 
charred (observed) 
Spruce - 0 
Balsam fir - 0 
Other Softwoods - 0  
Hardwoods - 84,243 
Spruce -  0 
Balsam fir - 0 
Other Softwoods -  0 
Hardwoods -  0 
Spruce - 4,201 
Balsam fir - 7,413 
Other Softwoods - 2,224 
Hardwoods - 52,880 
Whole-
Tree 
Harvest 
(WTH) 
Branches left 
attached, 
all trees 
skidded off-site 
whole 
Spruce - 494 
Balsam fir - 12,108 
Other Softwoods - 741 
Hardwoods - 3,954 
3 percent area harvested 
exposed mineral soil; 
more mineral soil 
exposed than burned 
sites (observed) 
Spruce - 549 
Balsam fir - 6,452 
Other Softwoods - 365 
Hardwoods - 71,198 
Spruce - 9,390 
Balsam fir - 43,243  
Other Softwoods - 11,367  
Hardwoods - 33,606 
Spruce - 3,212 
Balsam fir - 13,097 
Other Softwoods - 988 
Hardwoods - 34,595 
1Bjorkbom and Frank 1968; 2Czapowskyj et al. 1977; 3Czapowskyj et al. 1976; 4Rinaldi 1970   
*Stems ha-1 > 0.15 m in height to 8.9 cm dbh by species 
**Stems ha-1 > 0.15 m in height to 8.9 cm dbh by species, 0-3m and ≥6 m from south edge of a strip   
       
NOTE: dbh = diameter at breast height     
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installed in a 20.1-m wide strip, but was later excluded from the analysis due to its influence of high 
variability on subsequent mixed-effects models (described in the following section; Iles, 2003).  One plot 
of the remaining 18 was very poorly drained and poorly stocked (i.e., basal area of 24 m2 ha-1, about half 
the average found in other permanent sample plots; Table 1.2.).  This plot was determined to represent 
forested wetland conditions and was excluded from analysis.  
On the 17 plots remaining, a random sub-sample of trees ≥ 1.3 cm dbh, stratified by species and 
diameter distribution, were measured for height using a Haglöf Vertex III (Haglöf, 2002).  Thickness of 
the O horizon and drainage were measured 3.1 m from plot extent at true north (-17 ° declination).  Oi 
was excluded from these measurements, focusing on partially and well decomposed organic horizons, Oe 
and Oa.  Soil drainage class was pre-determined using an existing soils map (NRCS, 2015) and confirmed 
in the field.  Down woody material ≥ 10 cm was measured using calipers along three 10 m transects, at 
azimuths of 0, 120, and 240° (Brown, 1974, 1971; Harmon et al., 2008; Van Wagner, 1968).  Stumps and 
fine woody material were excluded from down woody material measurements. 
Stem density (trees ha-1), total basal area (m2 ha-1), dominant height (m), quadratic mean diameter 
(qmd; cm), and hardwood basal area (percent of total basal area) were calculated for live-tree structure 
and composition.  Missing heights were estimated using a species- and plot-specific mixed-effects linear 
regression equation similar to Robinson and Wykoff (2004).  Heights were used in allometric regression 
equations to estimate carbon stock for aboveground live-tree, snags, and down woody material. 
For carbon stock estimates (Mg ha-1), biomass was first estimated and then converted to carbon 
stock estimates.  Oven-dry, aboveground live-tree biomass was estimated using allometric regression 
equations (Chapman and Gower, 1991; Lambert et al., 2005; Young et al., 1980).  Equations were 
selected based on diameter range covered as well as nearness to PEF.  Live-tree carbon stock was then 
estimated using species-specific coefficients for carbon content (Lamlom and Savidge, 2003).   
Aboveground volume was estimated prior to calculating snag biomass using a modified variable 
exponent taper equation (Li et al., 2012).  Snag biomass was then estimated by multiplying snag volume 
estimates by Harmon et al.'s (2011) species-specific, absolute density by decay class factors.  To estimate 
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Table 1.2. Mean (standard deviation) and range values of stand and site attributes, by treatment. 
 
  
Stem-Only Harvest 
Stem-Only Harvest 
with Burn 
Whole-Tree Harvest Overall 
Poorly-Drained Plots 2 5 2 9 
Well-Drained Plots 3 1 4 8 
Total Number of Plots 5 6 6 17 
Variablea Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
O Horizon Thickness (cm) 4(1.4) 1.9-5.7 10.8(6.4) 2.1-19.5 5.8(5.4) 0-12.6 7(5.6) 0-19.5 
Cartographic Depth-to-Water (m) 2.8(1.5) 0.7-4.7 2.9(1.7) 0.9-5.8 2.4(1.9) 0.4-4.7 2.7(1.6) 0.4-5.8 
Stem Density (trees ha-1) 6743(898) 5325-7561 6491(1868) 3534-8154 6779(1853) 4436-9452 6667(1544) 3534-9452 
Total Basal Area (m2 ha-1) 42.6(5.6) 35.5-49.6 41(3.9) 34.2-45 42(4.4) 36.2-48.8 41.8(4.4) 34.2-49.6 
Average Height (m) 12(2.1) 9.4-15.1 12.2(1.3) 11.2-14.6 11.4(1.2) 9.8-12.9 11.9(1.5) 9.4-15.1 
Dominant Height (m) 19.3(3) 16-24.2 19.4(0.9) 18.2-20.8 18.5(1.9) 16-20.9 19(2) 16-24.2 
Quadratic Mean Diameter (cm) 9(1.1) 7.9-10.6 9.2(1.1) 8.2-11.1 9.1(1) 8.1-10.8 9.1(1) 7.9-11.1 
% Live-Tree Hardwood Basal Area 58.4(11.4) 47-74.9 70.7(14) 54.2-87.3 51.7(12.3) 36.6-65.7 60.4(14.5) 36.6-87.3 
% Live-Tree Aspen Basal Area 30.4(21.6) 5.3-58.8 43.3(11.5) 30.6-57.2 28.8(19.5) 4.3-57.9 34.4(18) 4.3-58.8 
% Live-Tree Balsam Fir Basal Area 36.5(7.4) 25.1-43.4 24.8(11.1) 11.3-38.8 35.8(5) 30.6-44.3 32.1(9.6) 11.3-44.3 
% Live-Tree Eastern White Pine Basal Area 0.9(1.5) 0-3.6 1.7(3.3) 0-8.3 4.7(3.5) 1.3-10.8 2.5(3.3) 0-10.8 
% Live-Tree Red Maple Basal Area 20(8.6) 10.5-31.1 24.6(3.5) 20.4-29 18.6(6.7) 6.9-25.1 21.1(6.6) 6.9-31.1 
% Live-Tree Spruce Basal Area 1.5(1.8) 0-4.4 2.8(4.9) 0-12.7 7.5(8.5) 0-23.5 4.1(6.1) 0-23.5 
% Live-Tree Other Species Basal Area 10.7(7.5) 2.4-19 2.8(1.7) 0.6-5.1 4.6(3.5) 0.8-8.7 5.8(5.5) 0.6-19 
Total Live-Tree Carbon Stock (Mg ha-1) 80.4(15) 62.5-100.5 82.1(5) 74.9-87.3 77.1(8.7) 66.9-89.6 79.9(9.6) 62.5-100.5 
Total Snag Carbon Stock (Mg ha-1) 1.4(0.6) 0.8-2.3 1.9(0.9) 1-3.5 0.9(1.3) 0-2.8 1.4(1) 0-3.5 
Total Down Woody Material Carbon Stock (Mg ha-1) 0.8(0.6) 0-1.6 2.3(2.4) 0.4-7 1.2(1.1) 0-2.6 1.5(1.7) 0-7 
Total Aboveground Carbon Stock (Mg ha-1) 82.6(15.7) 63.7-103.1 86.3(7.4) 76.5-97.8 79.2(10.6) 67.8-94 82.7(11.1) 63.7-103.1 
aStand structure, composition, live-tree and snag carbon stock data, with the exception of dominant height (m), are for stems ≥1.3 cm dbh.  Down woody material carbon stock 
are for stems ≥ 10 cm 
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down woody material biomass, volume of each piece measured was first estimated using Van Wagner's 
(1968) volume per unit area equation.  To convert to biomass, down woody material volume estimates 
were multiplied by species-specific, absolute density by decay class factors (Harmon et al., 2008).  Snag 
and down woody material carbon stock was then estimated using biomass to carbon conversion factors by 
decay class (Harmon et al., 2008).  Both snag and down woody material carbon stock were summed 
together to estimate total coarse woody material carbon stock.  Live-tree, snag, and down woody material 
carbon stock were summed to estimate total aboveground carbon stock. 
 
1.3.4. Statistical Analyses 
To determine the effects of treatment and site condition on stand structure, composition, and 
carbon stock, linear mixed-effects models were constructed in R version 3.3.2 (R Core Team, 2017), 
using function lme within package nlme (Pinheiro et al., 2016).  Linear mixed-effects models were also 
used at the species level to further explore stand-level comparisons.  All models were analyzed with an 
analysis of variance (ANOVA).  When testing at the species level, species were grouped into six classes 
based on most dominant species present in the stand (Table 1.3.).  Other Species includes those present in 
smaller numbers throughout the stand.  EU nested within block were specified as the random effects.  To 
meet the equal variance assumption, variables were either log- or logit transformed (for proportion data).  
For log-transformed values, a consistent value of 0.1 was added to the raw data.  Proportion values were 
logit transformed to produce conservative estimates (Warton and Hui, 2011).  Applying Tukey’s 
adjustment for multiple comparisons, least-squares means were estimated using the function lsmeans 
within package lsmeans (Lenth, 2016).  Function cld, within lsmeans package, was used to determine 
whether least-squares means were significantly different at α = 0.05.  For significant interaction terms, 95 
percent confidence bands were computed and plotted for comparison. 
For site condition, both drainage and O horizon thickness were considered as covariates.  Due to 
unequal sample size in soil drainage type, soil drainage classes identified as well drained or moderately 
well drained were grouped as “well drained”.  Similarly, soil drainage classes identified as either poorly 
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Table 1.3. Species-groups based on dominance in C33. 
 
Species Group Species Represented 
Balsam fir balsam fir 
Red Maple red maple 
Aspen quaking aspen, bigtooth aspen 
Spruce red or black spruce, white spruce 
Eastern White Pine eastern white pine 
Other Species 
eastern hemlock, northern white- 
cedar, paper birch, gray birch, white ash, 
red oak 
 
 
drained or somewhat poorly drained were grouped as “poorly drained”.  A correlation analysis was 
performed to determine the relationship between the two variables.  We found that mean O horizon 
thickness within each drainage group had a positive multiple correlation coefficient (R) of 0.28 with 
observed O horizon thickness (RMSE = 5.19).  Because O horizon thickness was a more direct measure 
of site condition, we used it as a covariate in our models.  For the purpose of multiple comparisons, 
structure, composition, and carbon stock estimates were tested at the 25th, 50th, and 75th percentiles of O 
horizon thickness. 
 
1.4. Results 
A total of seventeen plots were analyzed for effects of clearcutting with either WTH or SOHB on 
aboveground site productivity, relative to clearcutting with conventional SOH (Table 1.2.).  Nine and 
eight plots were established on poorly and well-drained site conditions, respectively.  Seven and ten plots 
fell on sites derived from glacio-marine or glacial till sediments, respectively (data not shown).  Five plots 
were on sites that received SOH, and six plots each were on sites that received SOHB and WTH.  Overall 
mean O horizon thickness was 3.7, 4.8, and 12.3 cm at the 25th, 50th, and 75th percentiles, respectively. 
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1.4.1. Stand-level Comparisons 
 At the stand-level, ANOVA suggested that both stem density (p = 0.01) and qmd (p = 0.02) of 
live trees were significantly different across O horizon thickness (Table 1.4.).  However, multiple 
comparisons of least-squares means only found significant (p < 0.05) differences for stem density across 
25th, 50th, and 75th percentile O horizon thickness, with decreasing stem density with increasing thickness 
(7254 ± 479, 7074 ± 458, 5817 ± 528 trees ha-1, respectively; mean ± SE; Figure 1.2.).  No significant 
differences were found for either basal area or dominant height.  Furthermore, no significant differences 
were found in total live-tree, coarse woody material, and aboveground carbon stock by either treatment or 
O horizon thickness, or an interaction of the two.  
Percent hardwood basal area differed significantly among treatments (p = 0.007).  Though a 
significant (p = 0.01) effect of O horizon thickness was also found on percent hardwood basal area, a test 
of the main effects (Treatment + O Horizon Thickness) only revealed a significant treatment effect (p = 
0.004; data not shown).  No interaction of the two variables was found to be significant.  Multiple 
comparisons of least-squares means found a significantly (p < 0.05) higher percent of hardwood basal 
area in the SOHB treatment (72.6 ± 58.0 percent) than either SOH or WTH (Figure 1.3.).  No difference 
was found in percent hardwood basal area between SOH and WTH (57.0 ± 58.2, 51.8 ± 58.0, 
respectively). 
 
1.4.2. Species-level Comparisons 
A species by treatment interaction was found significant for both percent basal area (p = 0.01) 
and percent live-tree carbon stock (p = 0.007), by species (Table 1.5.).  For both percent basal area and 
live-tree carbon stock, multiple comparisons of least-squares means found eastern white pine to be 
significantly (p < 0.05) higher on WTH sites, relative to either SOH or SOHB (Figures 1.4. and 1.5.).  
Percent basal area of eastern white pine out of total basal area was 4.0 ± 59.9 percent on WTH sites, 
relative to 0.7 ± 60.8 and 0.8 ± 59.9 percent on SOH and SOHB sites, respectively.  By comparison, 
percent live-tree carbon stock of eastern white pine out of total live-tree carbon stock was 3.6 ± 60.6 
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Table 1.4. ANOVA p-values (α = 0.05) from linear mixed-effects models at the stand-level.  Significant p-values italicized and bolded. 
 
    
Treatment *  
O Horizon Thickness 
Treatment O Horizon 
Thickness 
Variable p R2M R2C RMSE p R2M R2C RMSE p R2M R2C RMSE 
Structure 
Basal Area (m2 ha-1) 0.23 0.275 1.000 2.79 0.83 0.022 1.000 3.43 0.13 0.143 1.000 3.20 
Stem Density (trees ha-1) 0.82 0.340 0.931 907.60 0.95 0.007 1.000 1218.30 0.01 0.320 0.928 978.14 
log(Dominant Height (m) + 0.1) 0.76 0.069 0.907 0.07 0.64 0.040 0.905 0.07 0.42 0.029 0.910 0.07 
log(Quadratic Mean Diameter (cm) 
+ 0.1) 
0.20 0.401 0.943 0.06 0.96 0.005 1.000 0.08 0.02 0.272 0.922 0.07 
Composition 
logit(Hardwood Basal Area (% of  
total basal area)) 
0.88 0.299 0.956 0.36 0.007 0.295 0.950 0.37 0.01 0.178 0.944 0.44 
Carbon Stock 
log(Total Live-Tree Carbon 
Stock (Mg ha-1) + 0.1) 
0.27 0.203 0.919 0.08 0.67 0.050 1.000 0.09 0.83 0.003 1.000 0.10 
log(Total Coarse Woody Material 
Carbon Stock (Mg ha-1) + 0.1) 
0.91 0.206 0.916 0.62 0.11 0.211 0.917 0.62 0.71 0.008 0.894 0.73 
log(Total Aboveground Carbon 
Stock (Mg ha-1) + 0.1) 
0.41 0.183 1.000 0.09 0.54 0.076 1.000 0.10 0.98 0.000 1.000 0.11 
NOTE: R2M = Marginal R2; R2C = Conditional R2; RMSE = Root Mean Square Error         
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Figure 1.2. Stem density least-squares means and standard errors by 25th, 50th, and 75th percentile O 
horizon thicknesses, for trees ≥ 1.3 cm dbh.  Different lower-case letters indicate significant differences. 
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Figure 1.3. Hardwood basal area least-squares means and standard errors by treatment, for trees ≥ 1.3 cm 
dbh.  Treatments are as follows: SOH = stem-only harvest; SOHB = stem-only harvest with burn; WTH = 
whole-tree harvest.  Different lower-case letters indicate significant differences. 
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Table 1.5. ANOVA p-values (α = 0.05) from linear mixed-effects models at the species-level.  Significant p-values italicized and bolded. 
 
  
Species * Treatment *  
O Horizon Thickness 
Species * Treatment 
Species * O Horizon 
Thickness 
Variable p R2M R2C RMSE p R2M R2C RMSE p R2M R2C RMSE 
logit(Species Basal Area (% of 
 total basal area)) 
0.79 0.717 0.727 0.79 0.01 0.719 0.728 0.86 0.45 0.661 0.672 0.98 
logit(Species Live-Tree Carbon Stock (% of 
total live-tree carbon stock)) 
0.79 0.723 0.742 0.83 0.007 0.726 0.741 0.91 0.56 0.660 0.678 1.05 
NOTE: R2M = Marginal R2; R2C = Conditional R2; RMSE = Root Mean Square Error      
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Figure 1.4. Percent basal area by species least-squares means and standard errors by treatment, for trees ≥ 
1.3 cm dbh.  Treatments are as follows: SOH = stem-only harvest; SOHB = stem-only harvest with burn; 
WTH = whole-tree harvest.  Different lower-case letters indicate significant differences.
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Figure 1.5. Percent live-tree carbon stock by species least-squares means and standard errors by 
treatment, for trees ≥ 1.3 cm dbh.  Treatments are as follows: SOH = stem-only harvest; SOHB = stem 
only harvest with burn; WTH = whole-tree harvest.  Different lower-case letters indicate significant 
differences.
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percent on WTH sites, relative to 0.5 ± 61.5 and 0.6 ± 60.6 percent on SOH and SOHB sites, respectively.  
Species did not otherwise differ among treatments or O horizon thicknesses, and there were no three-way 
interactions among these variables. 
 
1.5. Discussion 
Our goal for this study was to determine the effect of incremental biomass removal on site 
productivity through a comparison of whole-tree harvesting (WTH) and stem-only harvesting with and 
without post-harvest prescribed burning (SOHB and SOH, respectively).  Across past studies, there does 
not appear to be a consistent productivity response following biomass removal.  Given that responses 
vary from increase, decrease, to no change in productivity, variations in outcomes are likely due to 
differences in site conditions rather than harvesting method (Lattimore et al., 2009; Thiffault et al., 2011).  
In the present analysis, we did not find a clear or strong difference in productivity among WTH, SOHB, 
and SOH treatments after accounting for site conditions.  These findings are consistent with other long-
term studies (e.g., Jang et al., 2015; Johnson et al., 2016; Roxby and Howard, 2013).  One such study 
measured spruce-fir (Picea – Abies) stand productivity 32 years following clearcutting with WTH in north 
central Maine (Lachance, 2016).  He found that exposure of the mineral soil and soil rutting associated 
with WTH did not affect subsequent stand structure or growth.  However, in C33 we did observe that site 
conditions such as O horizon thickness influenced stand structure, independent of treatment.  These 
findings may not be applicable to other stands outside of the PEF; additional research is needed. 
No differences by treatment or site condition, or an interaction of the two, were found on snag, 
down woody material, or total dead wood carbon stock.  Given no differences by treatment or site 
condition, low abundances of total coarse woody material may be more reflective of stand developmental 
patterns (Franklin et al., 2002; Nyland et al., 2016) than harvesting method or site condition.  
Though a lack of raw data precluded statistical analysis of longitudinal change, there is 
convincing evidence that the hardwood component in C33 has increased in proportion to pre-harvest 
composition.  According to Czapowskyj et al. (1977), only 25 percent of the stand was hardwood prior to 
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harvest.  At the time of our study, 60.4 ± 14.5 percent (Mean ± SD) of total basal area was hardwood, 
regardless of treatment.  Of the hardwood composition in 2014-15, 29 ± 17.8 percent was quaking aspen 
and 21.1 ± 6.6 percent was red maple, together contributing to over half of all hardwood basal area found 
on C33.  Observed increases in hardwood composition were also found 40 and 60 years following 
commercial clearcutting on the PEF (Rogers et al., 2017; Sendak et al., 2003).  Though present in small 
numbers overall in the this study, a greater proportion of eastern white pine was found on sites that were 
clearcut with WTH relative to SOH or SOHB.  This is likely due to more exposed mineral soil following 
WTH than either SOH or SOHB as described by Bjorkbom and Frank (1968).  Other studies have also 
found increases in eastern white pine establishment following exposure of the mineral soil after harvest 
(e.g., Elliott et al., 2002; Pitt et al., 2011; Raymond et al., 2003; Willis et al., 2016).   
Late successional softwood species (e.g. Picea or Abies) are poor competitors to high-nutrient 
demanding pioneer or sprouting species (e.g., Populus and Acer) initially following stand-replacing 
disturbances in mixedwood stands (Kneeshaw and Bergeron, 1996).  Suckering or sprouting was likely 
stimulated by increases in light, soil temperature, and reduced moisture following treatments on C33, 
allowing for these species to out-compete more late-successional and slower growing species common to 
mature mixedwood stands (Hendrickson, 1988; McInnis and Roberts, 1994).  In addition, a treatment 
effect was observed on species composition, such that the proportion of hardwoods was greater in the 
burned (SOHB) than mechanical-only treatments (WTH or SOH).  Species composition of northern 
mixedwood stands following fire has often shifted to shade-intolerant hardwood dominance, relative to 
dominant shade-tolerant tree species otherwise common in these stands (Lorimer and White, 2003; Parker 
et al., 2001).  On boreal mixedwood sites in southeastern Manitoba, Kemball et al. (2005) found quaking 
aspen regeneration basal area to be significantly higher on burned relative to logged sites or sites 
previously affected by spruce budworm (Choristoneura fumiferana) 10-15 years following disturbance.  
This is likely a result of initial early successional (i.e. pioneer) species establishment characteristic of 
large-scale disturbance, with late-successional species growth increasing during understory re-initiation 
(Seymour et al., 2002).  Twenty-six years following a wildfire in central Maine, dominance by paper 
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birch, quaking aspen, and bigtooth aspen was observed in the overstory of previously burned mixedwood 
stands, in addition to observed established conifer regeneration in the understory (Small, 2004).  
Temporary shifts in species composition on mixedwood sites following disturbance may have 
implications for differences in belowground productivity, given production of nutrient-demanding pioneer 
species following fire (Bélanger et al., 2004; Brais et al., 1995; Parker et al., 2001). 
Aboveground site productivity and stand structure have been observed to vary in mixedwood 
stands when comparing wildfire to logging.  This variability following fire is likely a function of differing 
fuel loadings and fuel moistures characteristic of mixedwood stands (Vose and Swank, 1993; Wang, 
2002), and reflect pre-disturbance stand condition.  In addition to a greater presence of quaking aspen on 
burned sites, Kemball et al. (2005) also found significantly greater stem densities (stems > 2 m in height) 
on burned plots relative to sites that had been selectively logged or affected by spruce budworm, 10-15 
years following disturbance.  Total basal area on burned sites was found to be similar to that seen on sites 
affected by spruce budworm, and greater than that found on selectively logged sites.  Small (2004) found 
that burned sites in central Maine, U.S. had significantly higher standing snag densities relative to sites 
that were unburned or previously wind-thrown and burned.  She also found the greatest volume of down 
logs on burned sites (with no previous stand disturbance), relative to sites that were unburned or sites that 
were previously wind-thrown, salvage logged, and then burned.  These trends were not seen in our data, 
but this might be more reflective of past stand history and the intensity of the burn. 
In addition to its use as a site preparation treatment to expose mineral soil for seedbed purposes, 
post-harvest prescribed burning is utilized for fuel reduction (Agee and Skinner, 2005).  With projected 
increases in summer drought in Maine’s future climate (Fernandez et al., 2015; Jacobson et al., 2009) and 
a build-up of fuels over time, there is potential for an increase in intense, severe, and frequent fire events 
in the future.  Fuel loads resulting from more common disturbances that occur in northern mixedwood 
stands, such as windthrow, eastern spruce budworm, or from slash left in harvests, have the potential to 
interact with the effects of fire (Small, 2004; Weed et al., 2013).  Therefore, fuels reduction treatments 
may need to be applied.  However, there is limited understanding of the effects of these treatments, such 
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as post-harvest prescribed burning, on site productivity in northern mixedwood stands (Dibble et al., 
2007; Dibble and Rees, 2005), or how these effects compare with SOH and WTH (e.g. Franklin et al., 
2002, 2000).  Though this study investigated post-harvest prescribed burning solely as a site-preparation 
treatment, it has implications for long-term site productivity in the northern mixedwood forests following 
fuel reduction efforts (Northeast Regional Strategy Committee, 2015).  The present study provides a 
unique opportunity to view long-term site productivity following prescribed burning on sites with long 
fire-return intervals (Seymour et al., 2002). 
Given concerns about carbon storage relative to climate change, long-term data are of particular 
importance for predicting the carbon storage capacity of our future forests, particularly under intensive 
forest management (Adams et al., 2010; Lugo, 2009).  However, long-term datasets are limited in 
number, and financial means of establishing new long-term studies are often not available.  Yet there is an 
opportunity to utilize earlier established studies and reanalyze, or repurpose, the data to address 
contemporary concerns and assess long-term implications of forest management practices on site 
productivity.  Connecting repurposed studies across a spatio-temporal scale will allow us to expand our 
results globally as well as further in time.  This research is an example of a legacy study initially designed 
to compare spruce-fir regeneration under three slash disposal treatments following a clearcut, but also 
represents a valuable resource for understanding long-term implications of biomass harvesting on stand 
productivity.  Established prior to the widespread application of WTH, we were provided with a unique 
opportunity to extract 50 year results from this study. 
 
1.6. Conclusions and Management Implications 
We found no evidence that WTH or SOHB significantly reduced stand productivity relative to 
SOH in this study of biomass harvesting in a northern mixedwood forest.  Differences in stand structure 
appear to be due to site and plot-level factors rather than treatment.  This outcome suggests that WTH and 
SOHB can be used for biomass removal, fuels reduction, or site preparation in northern mixedwood 
stands of low to moderate production potential without negatively impacting aboveground stand 
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productivity.  This is evidenced by our findings on stem density and carbon stock 50 years after a single 
treatment application. 
Though we were unable to conduct significance tests for longitudinal changes in species 
composition, pre-treatment stand-level composition reported in the literature for our study area 
(Czapowskyj et al., 1977) supports the conclusion that a shift in species composition occurred following 
clearcutting regardless of slash removal treatment, with the proportion of hardwoods increasing overall.  
This effect was most pronounced following clearcutting with post-harvest prescribed burning.  No 
differences in hardwood composition were found between SOH and WTH.  Species-specific differences 
suggested that greater exposure of the mineral soil following whole-tree skidding may have increased 
eastern white pine composition on WTH sites.  However, even temporary shifts in species dominance 
have implications for differences in plant available nutrients, given production of nutrient-demanding 
pioneer species following fire.  Those implications are outside the scope of the present study. 
This study provided the benefit of comparing side-by-side experimental units within side-by-side 
replications, across a gradient of site conditions.  This allowed us to determine the effects of incremental 
biomass removal through whole-tree harvesting and post-harvest prescribed burning relative to stem-only 
harvesting on long-term northern mixedwood productivity of naturally regenerated stands.  By 
repurposing a U.S. Forest Service legacy study, we were able to obtain 50-year results.  Further work on 
soil and foliar nutrient availability will provide additional insight on the effects of biomass removal on 
site productivity.  Though this study is one of the longest, on-going evaluations of site productivity 
following whole-tree harvesting on temperate forests, a spatio-temporal connection of long-term studies is 
needed further to support these findings, and expand the scope of our results. 
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CHAPTER 2 
SOIL AND FOLIAR NUTRIENT AVAILABILITY 50 YEARS AFTER BIOMASS HARVESTING 
IN A NORTHERN MIXEDWOOD FOREST IN MAINE, USA 
 
2.1. Abstract 
The effects of woody biomass removal with whole-tree harvesting (WTH) systems on soil and 
foliar nutrients has been widely studied since the 1970s.  With greater removal of woody biomass (i.e., 
branches and tops of trees), this harvest system has generated concern about long-term sustainability of 
soil productivity, particularly on poorly drained, conifer-dominated sites.  However, most long-term 
studies of soil and foliar nutrients have not extended past two decades.  This research reports findings 
from a northern mixedwood (Picea – Abies – hardwood) forest in the Penobscot Experimental Forest in 
Maine, USA where clearcutting was conducted 50 years ago with stem-only harvesting (SOH) and WTH.  
Soil and foliar nutrient concentrations were measured for red maple (Acer rubrum) and balsam fir (Abies 
balsamea) trees within 16 fixed-area plots and analyzed with mixed-effects ANOVA.  No treatment or 
site effects were found on soil NO3, NH4, Ca, Mg, K, P, or S concentrations, or on foliar N, Ca, Mg, K, or 
P concentrations.  Some species-specific differences in soil and foliar nutrient concentrations were 
observed, independent of treatment and site condition.  These results suggest that observed soil and foliar 
nutrient concentrations reflect species-specific differences in nutrient uptake, underlying soil processes 
and stand dynamics, rather than an effect of treatment.  We concluded that neither SOH nor WTH 
degraded soil productivity as reflected in soil or foliar nutrient concentration 50 years after biomass 
removal in this northern mixedwood forest. 
 
2.2. Introduction 
Whole-tree harvesting (WTH), a forest operational system introduced in the 1970s (McInnis and 
Roberts, 1994; Todd and Johnson, 1998), can be used as an integrated harvesting operation to extract 
  
34 
 
woody biomass for energy and commercial wood products (Perlack and Stokes, 2011).  In comparison to 
stem-only harvesting (SOH), where only the stem of the tree is extracted and logging residues (e.g. 
branches and leaves) are left on-site, WTH involves the removal of the entire aboveground portion of the 
tree.  Commercial wood products and logging residue are then separated roadside (Benjamin, 2010).  In 
the northeastern U.S., average weekly production from WTH was 277.6 metric tons/week (standard 
deviation: 218.6 metric tons/week) in 2012 (Leon and Benjamin, 2012).  In the state of Maine, WTH 
accounted for 80 percent of total timber production in 2012 (Leon and Benjamin, 2012).  Given the 
extensive removal of biomass with WTH, there has long been concern about the long-term sustainability 
of this practice related to changes in nutrient availability following harvest (Mann et al., 1988; Thiffault et 
al., 2011; Tritton et al., 1987; Weetman and Webber, 1972). 
Nutrient availability following biomass harvesting has been widely studied in recent decades 
(Thiffault et al., 2011).  Few studies, if any, have found clear relationships between changes in soil 
nutrient availability following biomass harvesting, particularly in base cations, and aboveground stand 
growth (Fisher and Binkley, 2000).  Soil nutrient availability following whole-tree harvesting has been 
related to soil texture (Thiffault et al., 2011), drainage class (Czapowskyj et al., 1977; Smith, 1984), 
parent material (Thiffault et al., 2006), differences in nutrient demand by species (Thiffault et al., 2006; 
Todd and Johnson, 1998), local abundance of mineral sources (Weetman and Webber, 1972), rates of 
mineralization and nitrification within newly added logging residues (Bormann and Likens, 1979; 
Hornbeck and Kropelin, 1982; Smith, 1984), soil conditions before harvesting (Bélanger et al., 2003; 
Weetman and Webber, 1972), and wet and dry deposition (Freedman et al., 1981; Thiffault et al., 2011).  
Furthermore, there are not always clear relationships between foliar and soil nutrient availability (Fisher 
and Binkley, 2000; Thiffault et al., 2011).  However, the time since harvest of most studies has rarely 
exceeded 24 years (Thiffault et al., 2011), limiting our understanding of long-term influences of whole-
tree harvesting on productivity and belowground plant available nutrients. 
A few longer-term studies have been reported, but have variable outcomes.  In western larch- 
(Larix occidentalis) dominated stands in northwestern Montana, no effects on mineral soil N content were 
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found 38 years after intensive biomass harvesting (Jang et al., 2016).  Reductions in mineral soil K 
concentrations were observed, but attributed to the presence of nutrient-demanding species such as Rocky 
Mountain maple (Acer glabrum) and reductions in forest floor organic matter, C and N content. 
In naturally regenerated mixed oak (Quercus prinus – Q. velutina  – Q. rubra) stands in 
Tennessee, Todd and Johnson (1998) compared foliar nutrient concentrations 15 years following 
clearcutting with SOH and WTH.  They observed greater foliar K, Mg, and Ca concentrations in SOH 
than WTH stands, though no significant differences were found in foliar P or N concentration.  Greater 
foliar nutrient concentrations in SOH stands were attributed to nutrient inputs from decomposing logging 
residues, which also contributed to increases in soil Ca concentration.  In contrast, no effects of 
clearcutting were found on mineral soil K or total N concentrations in the same stands 33 years after 
WTH or SOH (Johnson et al., 2016).  However, lower Ca and Mg concentrations were observed at lower 
mineral soil depths in stands that were clearcut with WTH, relative to SOH or an unharvested reference.  
These results were attributed, in part, to lower nutrient inputs from decomposing logs in WTH than SOH 
stands.  In addition, mineral soil P concentrations were lower at lower mineral soil depths following 
clearcutting with WTH and SOH relative to an unharvested reference (Johnson et al., 2016).  
In Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) stands in Sweden, Olsson et al. 
(2000) attributed most treatment differences in foliar nutrient concentrations 22-24 years after WTH and 
SOH to nutrient inputs from logging residue following clearcutting with SOH.  In comparison to WTH, 
southern Norway spruce stands that were clearcut by SOH were found to have greater foliar Ca and lower 
foliar K concentrations.  Similar to Todd and Johnson (1998), Olsson et al. (2000) observed no 
differences in foliar N or P concentrations, as well as no difference in foliar Mg concentrations. 
In efforts to address knowledge gaps associated with long-term effects of biomass harvesting on 
soil and foliar nutrient concentrations, we utilized a U.S. Forest Service experiment established in Maine, 
USA in 1964-65 (Bjorkbom and Frank, 1968; Czapowskyj, 1979; Czapowskyj et al., 1977, 1976; Frank 
and Safford, 1970; Rinaldi, 1970).  Initially this study was designed to quantify spruce-fir (Picea – Abies) 
establishment and nutrient status following strip-clearcutting and three types of slash disposal: slash 
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removed, slash retained, and slash retained with post-harvest prescribed burning.  Comparisons among 
treatments that excluded prescribed burning allowed us to address contemporary concerns regarding 
biomass harvesting, equating slash removed to whole-tree harvesting (WTH) and slash retained to stem-
only harvesting (SOH). 
The goal of this research was to determine whether there were treatment- or site-related 
differences in above-ground and below-ground nutrient availability, expressed as soil and foliar nutrient 
concentrations, 50 years after harvest.  Our research objectives were as follows: (1) quantify foliar and 
soil nutrient concentrations and their relationships, and (2) evaluate the influence of treatment (WTH v. 
SOH), site (O horizon thickness, soil drainage, cartographic depth-to-water table, parent material, 
distance from stand edge), and species (red maple, Acer rubrum, and balsam fir, Abies balsamea) on 
foliar and soil nutrient concentrations and their relationships.  Given the length of time since treatment, 
we hypothesize that differences in soil and foliar nutrient concentrations, if any, will be a function of site 
condition and species rather than harvest method. 
 
2.3. Methods 
2.3.1. Study Site 
This study utilizes a long-term 26-ha manipulative experiment located in compartment 33 on the 
Penobscot Experimental Forest (PEF), Bradley, ME (44° 51' 56.754'' N, 68° 38' 12.1812'' W) (Figure 
2.1.).  Due to the location of the PEF in a transition zone dividing eastern broadleaf and boreal forest 
types within the Acadian Forest region (Bailey, 2009; McMahon, 1990), forest composition is 
predominantly mixedwood (Barton et al., 2012) with prolific natural regeneration (Brissette, 1996).  With 
a predominately flat topography, elevation on the PEF ranges from 29-77 m (Dibble, 2014).  From 1995-
2015, mean annual precipitation for the PEF was 107 cm, with mean annual snowfall of 193 cm, and 
mean annual temperature of 7.2 °C (National Weather Service, NOAA).  Soils in the northeastern portion 
of the study area (Figure 2.1.) are classified as well drained, very fine sandy loams developed from till.  
Somewhat poorly drained to poorly drained silt clay loams, derived from fine glaciomarine deposits, 
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Figure 2.1. Compartment 33 experimental design (alternate view). Greater water table depths, indicative 
of poorer drainage, are represented by darker shades in foreground.  NOTE: SOH = stem-only harvest; 
SOHB = stem-only harvest with burn; WTH = whole-tree harvest. 
 
dominate the remainder of the site (NRCS 2015).  This variation in drainage is further evidenced by 
cartographic depth-to-water tables estimated by light detection and ranging data (LiDAR), displayed in 
Figure 2.1. in raster form (Murphy et al., 2011; UNB Forest Watershed Research Center, 2014).   
 Prior to harvesting in 1964, overstory species composition differed by site condition across the 
study area (Rinaldi, 1970), but was described as a spruce-fir forest type (Czapowskyj et al., 1977).  On 
well-drained soils both eastern white pine (Pinus strobus) and eastern hemlock (Tsuga canadensis) were 
prevalent.  More mesic sites supported spruce species (Picea rubens, P. mariana, P. glauca) in addition to 
balsam fir.  Northern-white cedar (Thuja occidentalis) and black ash (Fraxinus nigra) were more 
prominent on more poorly-drained sites.  In addition to spruce and fir, red maple was present across the 
study area.  Rinaldi (1970) further reports Populus spp. and Betula spp. present in smaller numbers 
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throughout the study area.  Overall, the trees in the study area were 70-80 years old with heights of 11-17 
m in 1964 (Bjorkbom and Frank, 1968; Czapowskyj et al., 1977; Frank and Safford, 1970).  Of 130 m3 
ha-1 total volume for trees ≥ 11.4 cm diameter at breast height (dbh) at that time, 5 percent was northern-
white cedar, 10 percent was eastern hemlock and eastern white pine, 25 percent was hardwoods, and 50 
percent was spruce-fir.  Fifty years post-harvest (2014-15), the study area had a northern mixedwood 
composition (Table A.2.).  Dominant species included eastern white pine, red and black spruce, quaking 
aspen (Populus tremuloides) and bigtooth aspen (P. grandidentata), red maple, and balsam fir.  The latter 
two species were found in all areas sampled for this study.  Present in smaller numbers were the following 
species: white ash (F. americana), red oak (Quercus rubra), white spruce, paper (Betula papyrifera) and 
gray (B. populifolia) birch, eastern hemlock, and northern-white cedar. 
 By comparison, species composition of the unharvested reference was dominated by red maple, 
balsam fir, red oak, and eastern white pine.  Species present in smaller numbers included: northern-white 
cedar, quaking and bigtooth aspen, red and black spruce, gray and paper birch, eastern hemlock, white 
spruce, and American beech (Fagus grandifolia; Table A.2.). 
 
2.3.2. Experimental Design and Treatments 
Three 7.2-ha, block replicates were oriented north-south and adjacent to each other using a 
randomized complete block experimental design (Figure 2.1.).  Each replicate contained three treated 
strips oriented east-west and separated by a 40.2-m wide buffer strip.  Treated strips were randomly 
assigned one of three strip widths: 60.4 m, 40.2 m, and 20.1 m.  At the ends of each treated strip were 
60.4-m long buffers.  Positioned between these 60.4-m long buffers were three 60.4-m long experimental 
units (EU) with a randomly assigned slash disposal treatment: clearcutting with slash left in place, 
clearcutting with whole-tree skidding, or clearcutting with slash left in place and broadcast burned.  These 
three treatments are comparable to contemporary harvesting systems: stem-only harvesting (SOH), 
whole-tree harvesting (WTH), and SOH with post-harvest prescribed burning.  For the purposes of this 
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study we focused only on the SOH and WTH treatments.  Clearcutting was conducted in each EU using 
chainsaws on all trees ≥ 1.3 m in height, regardless of quality (Czapowskyj et al., 1977; Rinaldi, 1970). 
Harvesting occurred between November 1964 – April 1965 (Bjorkbom and Frank, 1968).  A John 
Deere Model 420 crawler-type tractor was utilized for both whole-tree and stem-only skidding.  A skid 
trail was located on the northern edge of each strip to avoid hauling across treatment boundaries 
(Bjorkbom and Frank, 1968).  Total volume in wood products removed in harvest was 127.9 m3 ha-1.  In 
2014, an unharvested reference area was delineated adjacent to the three replicates, because the 40.2-m 
wide buffers which initially served as the reference had been used for eastern spruce budworm 
(Choristoneura fumiferana) research during the 1972-86 outbreak.  Variants of girdling/felling, clearcut, 
and shelterwood establishment cuts were applied to seven out of ten buffer strips (Frank, 1979; Frank and 
Lawlor, 1978).  However, since the 1964-65 harvest, the treated strips in the original study have received 
minimal disturbance (either biotic or abiotic; APPENDIX B).  Little is known about the disturbance 
history of the adjacent reference (APPENDIX B); it likely was selectively partially harvested in the 1800s 
like much of the PEF (Kenefic and Brissette, 2014; Puhlick et al., 2016).  No active management has been 
conducted since that time. 
 
2.3.3. Data Collection and Preparation 
 Within each EU, 0.08-ha (16.1-m radius) permanent sample plots (PSP) were installed on both 
the 60.4-m and 40.2-m wide strips (Waskiewicz et al., 2015).  Three nested sub-plots were laid out in 
concentric circles around the plot centers of PSPs, covering 0.008, 0.02, and 0.08 ha (Waskiewicz et al., 
2015).  Four 0.08-ha PSPs were also installed within the 4-ha unharvested reference adjacent to the three 
replicated blocks.  On a 20.1-m wide strip in replicate III, a 0.02-ha (8-m radius) PSP was installed to 
balance site conditions assessed in subsequent models.  Live overstory trees ≥ 11.4 cm dbh were 
measured within the 0.08-ha plot (0.02-ha plot on the 20.1-m wide strip).  Live large saplings ≥ 6.4 cm, 
but < 11.4 cm dbh were measured within the 0.02-ha plot.  Live small saplings, ≥ 1.3 cm but < 6.4 cm 
dbh, were measured in the 0.008-ha plot.  Both species and dbh were recorded for all trees measured.   
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Global positioning system (GPS) locations of all plot centers were obtained using a Trimble 
GeoXH GPS unit and differentially corrected through post-processing in GPS Pathfinder version 5.85 
(Trimble Navigation, Sunnyvale, California, USA).  All locations were then projected using North 
American Datum (NAD) 1983 with coordinate system, Universal Transverse Mercator (UTM) Zone 19N.  
Locations were later used to acquire geospatially obtained site condition variables (described below).   
Using the nested 0.08-ha plot (0.02-ha plot on the 20.1-m wide strip), four overstory trees, two 
red maple and two balsam fir, were selected based on dominant crown class (Nyland et al., 2016; Oliver 
and Larson, 1996).  Available soil nutrients were measured at a distance of 10-times the diameter at breast 
height (dbh) of each selected tree and at a southern (~180 °) aspect using ion exchange resin membranes 
(IERMs).  Foliar nutrients were collected from the upper 1/3 portion of each canopy using tree pole 
pruners, targeting current year’s growth.  
 
2.3.3.1. IERM Field and Laboratory Procedures 
IERMs were manufactured by GE Power and Water (General Electric Company).  The cation 
exchange resin membrane (CEM; CR67HMR) was saturated with Na as its counter ion and the anion 
exchange resin membrane (AEM; AR204SZRA) was saturated with Cl as its counter ion.  Both were 
obtained in 45 x 100 cm sheets.  To utilize resin membranes in the field, resin sheets were cut into 2 x 6 
cm strips with stainless steel scissors rinsed with distilled-deionized (DI) water.  A belt hole-puncher 
rinsed with DI water was then used to create a small hole in the corner of each resin membrane.  Fishing 
line rinsed with DI water was tied to the corner of each resin membrane and a labeled plastic plant tag 
was tied to the other end of the line for relocation purposes.  To account for anions or cations from 
sources other than soil solutions, twelve AEM and twelve CEM replicates were stored in the laboratory 
during field implementation of other resin membranes.  AEMs and CEMs were stored separately in 
narrow-mouthed plastic containers filled with DI water and refrigerated prior to implementation in the 
field.  All plant tags remained outside the container. 
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Implementation of the resin membranes occurred mid-July 2014 with a two-week incubation 
period, utilizing a modified approach by Cooperband and Logan (1994).  At each red maple and balsam 
fir selected, small vertical cuts were made in the soil using either a putty knife or a root saw (in presence 
of dense roots) to visually identify the presence of uppermost B horizon.  Inserted at a 45° angle, one 
AEM and one CEM were set adjacent to each other in the mineral soil.  To facilitate relocation, plant tags 
attached to each AEM and CEM were placed above the forest floor near the vertical cut.  Using the same 
procedure for PSP centers, GPS locations of all IERM installations were obtained, differentially 
corrected, and projected to estimate relative distance measures to the road and to the north and south of 
each EU, to account for a possible edge effect on site conditions.  After two weeks resin membranes were 
removed, rinsed with DI water, and placed in individual labeled zip-lock bags filled with DI water.  To 
maintain integrity of resin membranes, all field-implemented AEMs and CEMs were refrigerated until 
extraction.  Corners containing fishing line were removed from each resin membrane prior to extraction. 
Both field-implemented and replicate CEMs and AEMs were cut in half width-wise for 
extraction.  One half was placed in a 125 mL Erlenmeyer flask with 30 mL of 2 N KCl to extract NO3 and 
NH4, and closed with a rubber stopper rinsed with DI water.  The other half was placed in a separate 125 
mL Erlenmeyer flask with 30 mL of 0.2 N HCl to extract Ca, K, Mg, P and S.  To account for anions and 
cations potentially present in the carboy pump during the filtering process, ten blank extraction solutions 
of 2 N KCl and 0.2 N HCl each were included randomly across batches of 16-36 (i.e. 20 total 30 mL 
blank extractions; 10 of 2 N KCl and 10 of 0.2 N HCl).  Erlenmeyer flasks were placed on a wrist-action 
shaker for one hour at low speed.  Using Whatman No. 42 filter paper, extraction solutions were filtered 
into side-arm suction flasks with light suction.  Solutions were placed into labeled 60 mL containers to be 
analyzed either colorimetrically (NO3 and NH4) or by inductively coupled plasma/optical emission 
spectrometry (ICP/OES; Ca, K, Mg, P and S) through the Maine Agricultural and Forest Experiment 
Station (MAFES) Analytical Laboratory.  After extraction, CEM and AEM resin halves were air dried 
and weighed.  These weights were applied in conjunction with total extraction solution volume to account 
for dilution of anion and cation concentrations. 
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2.3.3.2. Foliar Field and Laboratory Procedures 
We collected samples of balsam fir and red maple foliage in early August 2014, focusing on 
intact leaves free of damage by insect or disease.  To remove any atmospheric residue, foliar samples 
were rinsed in a DI water bath.  Samples were placed in labeled brown paper bags and dried in a drying 
room at 60 °C for two weeks.  After the drying period, needles and leaves were removed from twigs and 
ground in a Wiley mill passing through a 20 mesh screen.  Between samples, the Wiley mill was cleaned 
thoroughly using a vacuum and brush to prevent cross-contamination.  Ground foliar samples were placed 
inside individual 2-oz Whirl-paks to be measured for N, Ca, K, Mg, and P concentrations.  Chemical 
analyses were carried out by the MAFES Analytical Laboratory.  Samples were dry-ashed at 550 °C using 
a muffle furnace and extracted with 50 percent HCl on a hotplate.  Foliar Ca, K, Mg, and P concentrations 
were analyzed using ICP/OES.  Foliar N was measured via combustion on a LECO-CN-2000 analyzer. 
 
2.3.3.3. Site Condition Measurements 
O horizon thickness, soil drainage, and parent material were assessed 3.1 m from the PSP border 
at true north (-17 ° declination), provided conditions outside the plot were representative of conditions 
within the plot and not outside of EU boundaries.  Oe and Oa organic horizons were measured together for 
O horizon thickness to focus on both well and partially decomposed organic horizons.  Oi was not 
included in O horizon thickness measurements.  Both drainage class and parent material were determined 
using existing soil maps (NRCS, 2015) and then visually confirmed or corrected in the field.  Parent 
material, as defined by NRCS (2015) maps was derived from either till or glaciomarine sediments, and 
was visually confirmed or corrected in the field based on presence or absence of coarse fragments in 
surface materials.  Unequal distribution of soil drainage classes was observed across plots.  To balance the 
number of soil drainage classes assessed in subsequent models, soil drainage classes identified as either 
somewhat poorly drained or poorly drained were grouped as “poorly drained”.  Soil drainage classes 
identified as either well drained or moderately well drained were grouped as “well drained”. 
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Cartographic depth-to-water table (also known as wet areas mapping) was estimated using raster 
data derived from LiDAR data (Murphy et al., 2011; UNB Forest Watershed Research Center, 2014).  
Using ArcMap 10.3.1, a 16.1-m buffer was created around each plot center, with the exception of the 
0.02-ha PSP on which an 8-m buffer was produced (ESRI, 2015).  By utilizing the ‘Zonal Statistics as 
Table’ function within the ‘Spatial Analyst’ toolbar, buffers were used to extract mean cartographic 
depth-to-water table estimates.  Relative distances from IERM installations to the road center, and to the 
north and south of each EU, were also obtained in ArcMap 10.3.1 by constructing polylines parallel to the 
north-south, and east-west boundaries of C33. 
 
2.3.4. Statistical Analyses 
Pearson’s correlations (R) were used to quantify relationships between soil and foliar nutrient 
concentrations (Table 2.1.).  To address possible singularity in linear mixed-effects models used for the 
second research objective, a correlation analysis was also run between O horizon thickness and soil 
drainage, cartographic depth-to-water table, and parent material.  O horizon thickness within each soil 
drainage class group was found to have a positive multiple correlation coefficient (R) of 0.36 with 
observed O horizon thickness.  Cartographic depth-to-water was found to have an R of -0.50 with 
observed O horizon thickness.  O horizon thickness within each parent material group (i.e. till or 
glaciomarine sediments) was found to have a positive R of 0.43 with observed O horizon thickness.  As O 
horizon thickness was directly measured in the field and given its correlation with the other soil attributes, 
only O horizon thickness was used as a site variable in subsequent models. 
Prior to employing linear mixed-effects models for the second objective and to further reduce 
singularity in models, variable selection using randomForest, or VSURF, was run on soil and foliar 
nutrient concentrations and site (distance from stand edge and O horizon thickness) (Genuer et al., 2015).  
Both treatment and species covariates were excluded from VSURF.  Variables selected from the VSURF 
prediction step were plotted against the response variable being analyzed, and a loess line was fitted to 
assess possible non-linear relationships (Figure A.1. – Figure A.12.).  As an additional measure, 
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Table 2.1. Pearson’s correlations (R) between soil nutrient concentrations and foliar nutrient concentrations. 
 
 Soil NO3 Soil NH4 Soil Ca Soil K Soil Mg Soil P Soil S Foliar N Foliar Ca Foliar K Foliar Mg Foliar P 
Soil NO3 1            
Soil NH4 
0.00 
1           
Soil Ca 0.32 -0.14 1          
Soil K -0.12 0.07 -0.33 1         
Soil Mg 0.40 -0.16 0.93 -0.34 1        
Soil P -0.07 0.03 0.17 -0.04 0.06 1       
Soil S 0.05 -0.07 0.50 -0.17 0.44 -0.05 1      
Foliar N -0.14 -0.01 -0.22 0.00 -0.15 -0.01 -0.22 1     
Foliar Ca -0.06 -0.21 0.09 0.14 0.07 0.22 -0.08 0.28 1    
Foliar K -0.09 -0.13 -0.20 0.09 -0.21 -0.28 -0.03 -0.23 -0.03 1   
Foliar Mg -0.16 -0.10 -0.15 0.26 -0.12 -0.01 -0.14 0.54 0.61 -0.13 1  
Foliar P -0.08 -0.14 -0.43 0.17 -0.48 -0.24 -0.14 0.12 0.16 0.41 0.31 1 
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randomForest simulations were run on selected variables and partial dependence plots were produced to 
further assess non-linear relationships (Liaw and Wiener, 2002).  
To assess the influence of treatment and site condition on soil and foliar nutrient concentrations, 
we used R version 3.4.2 (R Core Team, 2017) to produce linear mixed-effects models and employed  
function lme within package nlme (Pinheiro et al., 2016).  Random effects were specified as EU nested 
within replicate block.  Continuous explanatory variables were log-transformed if the relationship 
between the response and explanatory variable was observed to be non-linear.  Models were tested using 
analysis of variance (ANOVA) at the species level to account for differences in nutrient concentrations 
between balsam fir and red maple.  Response variables were log-transformed with a consistent value of 
0.1 added to the raw data to meet equal variance assumptions of the model.  Final models were 
determined using second-order Akaike Information Criterion (AICc) available as function AICc in the 
package MuMIn in R (Barton, 2016).  Least-squares means of final models were tested using Tukey’s 
adjustment for multiple comparisons with function lsmeans in package lsmeans (Lenth, 2016).  
Continuous explanatory variables were tested on the 25th, 50th, and 75th percentiles for multiple 
comparisons analyses.  Significant differences between least-squares means were tested at α = 0.05 using 
function cld. 
 
2.4. Results 
 Five and 7 fixed-area plots were measured for effects of clearcutting with SOH and WTH, 
respectively, relative to the unharvested reference condition (Table 2.2.).  With four plots in the 
unharvested reference, a total of 16 plots were analyzed.  Of these, 7 were on till parent material while 9 
fell on glaciomarine parent material.  In regard to soil drainage, 7 and 9 plots fell on poorly-drained and 
well-drained soils, respectively.  Thirty-two red maple and 30 balsam fir trees were measured for soil and 
foliar nutrient concentrations.  Twenty trees were measured in SOH, 26 trees in WTH, and 16 in the 
unharvested reference totaling 62 trees sampled for soil and foliar nutrient concentrations.
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Table 2.2. Mean (standard deviation) and range values by treatment, 50 years following a single biomass removal.  Nutrient and distance values represent plot averages.  Foliar nutrient values 
derived from current year foliage on upper 1/3 canopy of red maple and balsam fir trees ≥ 11.4 cm diameter at breast height (dbh). 
 
  
Stem-Only Harvest 
Whole-Tree  
Harvest 
Unharvested  
Reference 
Treatment 
Overall 
Poorly-Drained Plots 3 2 2 5 
Well-Drained Plots 2 5 2 7 
Till Plots 2 3 2 5 
Glaciomarine Plots 3 4 2 7 
Number of Plots 5 7 4 12 
Variable Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Soil NO3 (mg·kg-1) 
1(0.79) 0.43-2.26 0.46(0.04) 0.43-0.55 0.46(0.04) 0.42-0.49 0.69(0.55) 0.43-2.26 
Soil NH4 (mg·kg-1) 
26.7(52.7) 1.34-120.81 63.44(128.78) 1.4-352.12 30.18(30.24) 3.9-68.38 48.13(102.04) 1.34-352.12 
Soil Ca (mg·kg-1) 4281.86(5134.23) 427.45-12116.7 2423.9(3717.02) 201.82-10538.12 1152.09(575.14) 665.69-1937.47 3198.05(4247) 201.82-12116.7 
Soil K (mg·kg-1) 514.45(401.49) 199.63-1164.88 384.11(289.99) 141.62-1008.16 336.45(158.32) 152.76-531.78 438.42(330.13) 141.62-1164.88 
Soil Mg (mg·kg-1) 639.82(722.13) 59.35-1613.2 354.33(401.15) 37.95-1190.79 357.85(254.42) 159.64-710.15 473.28(546.82) 37.95-1613.2 
Soil P (mg·kg-1) 9.66(6.68) 4.43-19.65 12.02(13.2) 4.65-41.18 16.16(10.74) 5.5-28.04 11.04(10.62) 4.43-41.18 
Soil S (mg·kg-1) 378.5(509.96) 22.72-1253.28 128.1(130.52) 22.33-381.42 63.34(41.83) 26.83-102.36 232.43(347.11) 22.33-1253.28 
Foliar N (mg·kg-1) 13889(411) 13548-14345 14219(1409) 12350-15500 16604(2816) 13265-19825 14082(1083) 12350-15500 
Foliar Ca (mg·kg-1) 6270(882) 5272-7542 5896(1065) 4810-7835 6523(963) 5548-7852 6052(969) 4810-7835 
Foliar K (mg·kg-1) 7017(1503) 5008-8955 7148(415) 6560-7632 7815(987) 7105-9232 7094(959) 5008-8955 
Foliar Mg (mg·kg-1) 1384(158) 1155-1528 1446(287) 1120-2010 1437(228) 1182-1690 1420(235) 1120-2010 
Foliar P (mg·kg-1) 1531(251) 1318-1920 1613(311) 1142-2015 1549(404) 1160-1988 1579(278) 1142-2015 
Distance to N Edge of EU (m) 26(8.1) 16.2-37.7 29.3(10.8) 14.9-48.1 32.2(9.6) 18.6-41.3 27.9(9.5) 14.9-48.1 
Distance to S Edge of EU (m) 22.8(11.2) 8.1-37.9 17.3(7.4) 7.3-28 28.2(9.6) 19-41.8 19.6(9.1) 7.3-37.9 
Distance to Road (m) 78.8(41.4) 33.3-130.2 81.2(81.1) 23.3-236.7 122.5(26.9) 85.9-148.7 80.2(64.9) 23.3-236.7 
O Horizon Thickness (cm) 4.8(2.6) 1.9-8.9 5.4(5) 0-12.6 4.7(1.6) 2.9-6.8 5.2(4) 0-12.6 
Cartographic Depth-to-Water (m) 2.1(1.8) 0.3-4.7 2.7(1.9) 0.4-4.7 3.4(2.6) 1.0-6.0 2.5(1.8) 0.3-4.7 
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Pearson’s correlations revealed few soil and foliar nutrient concentration linear relationships 
(Table 2.1.).  A negative multiple correlation coefficient R of 0.43 was observed between soil Ca and 
foliar P concentrations.  Similarly, a negative R of 0.48 was observed between soil Mg and foliar P 
concentrations.  Within soil nutrient concentrations, a strong positive correlation of 0.93 was observed 
between soil Ca and Mg concentrations.  Similarly, a positive correlation of 0.61 was observed between 
foliar Ca and foliar Mg.  However, most relationships among soil and foliar nutrient concentrations were 
observed to be non-linear, as seen in both loess and partial dependence plots (Figure A.1. – Figure A.12.). 
 No influence of treatment was found on soil nutrient concentrations.  Influence of site was 
suggested by ANOVA, though multiple comparisons of least-squares means did not find these 
relationships to be statistically significant.  An interaction effect between species and distance to road was 
observed for soil NH4 (p = 0.030; Table 2.3.), but multiple comparisons of least-squares means did not 
reveal significant differences (p > 0.05) between species or with increasing distance to road.   
We observed species-specific differences among soil nutrient concentrations, independent of 
treatment and site.  A significant interaction between species and soil NH4 was found on soil K (p = 
0.003).  Multiple comparisons of least-squares means found increasing soil K concentrations with 
increasing soil NH4 concentrations in balsam fir (p < 0.05).  Soil K concentrations were constant with 
increasing soil NH4 concentrations in red maple (p > 0.05).  We found no differences between species-
specific soil K concentrations (p > 0.05) or between soil NO3, Ca, Mg, P or S. 
 When testing linear mixed-effects models with ANOVA, treatment effects were suggested for 
foliar nutrient concentrations, as well as on relationships between foliar and soil nutrient concentrations.  
Multiple comparisons of least-squares means did not find this influence of treatment among foliar and soil 
nutrient concentrations to be significant.  An interaction between species, treatment, and soil NO3 was 
observed on foliar N concentrations (p = 0.044; Table 2.3.).  Multiple comparisons of least-squares means 
did not find significant differences (p > 0.05) across treatments or with increasing soil NO3 concentrations 
(Figure 2.2.).  Similarly, an interaction between species, treatment, and foliar K concentrations was found 
on foliar Ca concentrations (p = 0.038), but multiple comparisons of least-squares means did not find 
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Table 2.3. VSURF output and ANOVA p-values (α = 0.05) from linear mixed-effects models for soil nutrient concentrations and foliar nutrient 
concentrations.  Significant p-values are bold and italicized. 
 
          R2 
Response Variable Explanatory Variablesa,b Final Model Transformation p-value RMSE R2M R2C 
Soil NO3 Soil Mg, NH4, and P -- Log + 0.1 -- -- -- -- 
Soil NH4 Distance to Road, Soil Mg and NO3 Species * log(Distance to Road) Log + 0.1 0.030 1.48 0.11 0.48 
Soil Ca2 Soil Mg -- Log + 0.1 -- -- -- -- 
Soil K 
Soil NH4, Distance to North Edge, 
O Horizon Thickness 
Species * log(Soil NH4) Log + 0.1 0.003 0.57 0.26 0.89 
Soil Mg Soil Ca -- Log + 0.1 -- -- -- -- 
Soil P Distance to Road and to North Edge -- Log + 0.1 -- -- -- -- 
Soil S Soil Mg, Ca, and K -- Log + 0.1 -- -- -- -- 
Foliar N Foliar Mg and Soil NO3 
Species * Treatment *  
log(Soil NO3) 
Log + 0.1 0.044 0.08 0.80 0.94 
Foliar Ca Foliar Mg, Soil Mg, Foliar K 
Species * Treatment *  
log(Foliar K) 
Log + 0.1 0.038 0.12 0.45 0.45 
Foliar K Foliar P and Mg Species Log + 0.1 0.008 0.15 0.18 0.42 
Foliar Mg Foliar N, Ca, and P Species Log + 0.1 <.0001 0.13 0.59 0.75 
Foliar P 
Soil Mg and Ca, Foliar K, Distance to 
Road, Soil S, Foliar Mg, and Soil NH4 
-- Log + 0.1 -- -- -- -- 
aNeither treatment nor species were included during VSURF simulations 
bPresented in order of importance 
NOTE: R2M = Marginal R2; R2C = Conditional R2; RMSE = Root Mean Square Error 
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Figure 2.2. Foliar N concentrations (mg · kg-1) least-squares means and standard errors by 25th, 50th, and 
75th percentile soil NO3 concentration (mg · kg-1), for a) balsam fir, and b) red maple.  Foliar 
concentration values were obtained for current year foliage on the upper 1/3 canopy of red maple and 
balsam fir trees ≥ 11.4 cm diameter at breast height (dbh).  Soil concentrations were obtained from resin 
membranes installed 10x distance of the dbh from those same trees.  NOTE: SOH = stem-only harvest; 
WTH = whole-tree harvest. 
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significant differences (p > 0.05) across treatments or with increasing foliar K concentrations (Figure 
2.3.).   
We found differences in foliar nutrient concentrations between red maple and balsam fir.  We 
detected species-specific differences in both foliar K (p = 0.008) and foliar Mg (p = <0.0001).  Multiple 
comparisons of least-squares means also showed species-specific differences in both foliar K and foliar 
Mg between red maple and balsam fir (p < 0.05).  Greater foliar K was found in balsam fir, whereas 
greater foliar Mg was found in red maple.  No significant differences were found in foliar P, nor were 
differences found with site. 
 
2.5. Discussion 
The objectives of this study were to 1) quantify foliar and soil nutrient concentrations and their 
inter-relationships 50 years after SOH and WTH, and 2) assess the influences of treatment and site 
condition on species-specific soil and foliar nutrient concentrations.  Shifts in foliar and soil nutrient 
concentrations have been observed in the literature at early stages of stand development following 
biomass harvesting (Olsson et al., 2000; Thiffault et al., 2011).   Within one year following clearcutting 
with WTH, for example, Briggs et al. (2000) found increased soil NO3 and Ca concentrations in spruce-fir 
(Picea – Abies) stands in north-central Maine.  This effect was less pronounced at greater soil depths due 
to changes in biological activity with depth.  Nitrate and Ca concentrations returned to pre-harvest levels 
three years following harvest with regenerating vegetation (Briggs et al., 2000).  Consistent with previous 
findings from the experiment reported here (Czapowskyj, 1979; Czapowskyj et al., 1977), we found no 
effect of treatment on either soil or foliar nutrient concentrations in our analysis.   
Eight years after biomass harvesting in our study area, Czapowskyj et al. (1977) attributed 
differences in extractable soil nutrient concentrations to differences in drainage class and parent material, 
rather than treatment.  They found no significant differences in extractable soil N, P, and K 
concentrations.  However, they observed lower soil Ca and Mg on well-drained and moderately well-
drained soils, relative to poorly drained soils.  Czapowskyj et al. (1977) further attributed these findings to 
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Figure 2.3. Foliar Ca content (mg · kg-1) least-squares means and standard errors by 25th, 50th, and 75th 
percentile foliar K concentrations (mg · kg-1), for a) balsam fir, and b) red maple.  Foliar concentrations 
were obtained for current year foliage on the upper 1/3 canopy of red maple and balsam fir trees ≥ 11.4 
cm diameter at breast height (dbh).  Soil concentrations were obtained from resin membranes installed 
10x distance of the dbh from those same trees.  NOTE: SOH = stem-only harvest; WTH = whole-tree 
harvest. 
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differences in parent material, with till more prevalent on moderately well-drained and well-drained sites, 
and glaciomarine deposits on poorly drained sites.  
 Czapowskyj (1979) found differences in young balsam fir foliar nutrient concentrations 8 years 
after biomass harvesting in our study area and attributed these to differences in soil drainage class.  
Higher foliar N and K concentrations were found in balsam fir growing on moderately well-drained and 
well-drained soils, relative to those on poorly drained and very poorly drained soils.  Czapowskyj (1979) 
also found that foliar P concentrations in young balsam fir were greatest on well-drained soils, relative to 
moderately well-drained, poorly drained, and very poorly drained soils.  Differences in soil and foliar 
nutrient concentrations at 8 (Table 2.4.) and 50 (Table 2.2.) years post-harvest may reflect differences in 
nutrient demand with stages of stand development (Kurth et al., 2014; Nyland et al., 2016; Oliver and 
Larson, 1996).  Direct comparison of results is constrained by season of data collection (Redding et al., 
2013). Czapowskyj (1979) collected samples in the fall while those for this study were collected in late 
summer.  Observed O horizon thickness was used as a site variable in our analyses, while Czapowskyj 
(1979) and Czapowskyj et al. (1977) used drainage class.  It should be emphasized that our use of O 
horizon thickness for this research was due to its correlation with soil drainage class, parent material, and 
cartographic depth-to-water in this study area.  These results may not be applicable to stands outside of 
the PEF.   
We observed few linear relationships between soil and foliar nutrient concentrations in our study, 
as evidenced by Pearson’s correlations; most relationships among nutrient concentrations were observed 
to be non-linear.  Yet no relationships between soil and foliar nutrient concentrations were found through 
testing of multiple comparisons of least-squares means from linear-mixed effects models.  No influence 
of treatment or site condition was found on soil and foliar nutrient concentrations, or their relationships.  
Independent of treatment and site, some species-specific differences in soil and foliar nutrient 
concentrations were observed. 
Similar to Jang et al. (2016), who investigated effects of biomass removal 38 years post treatment 
in a western larch stand in northwestern Montana, we found species-specific differences in soil K 
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Table 2.4. Previous findings eight years following single biomass removal in the present study.  
Drainages are denoted as either PD = poorly drained, or WD = well drained.  Foliar nutrients are for 
balsam fir trees ranging in height from 30-80 cm.  All mean values are in mg · kg-1. 
 
  Stem-Only Harvest Whole-tree Harvest Overall 
Drainage PD WD PD WD PD WD 
Variable1             
Mineral Soil Ca2+ 1660 240 1040 450 1350 345 
Mineral Soil K+ 78 39 39 39 58 39 
Mineral Soil Mg2+ 156 24 120 30 138 27 
Foliar Ca 5500 5400 5600 5600 5400 5000 
Foliar K 4900 5200 4500 4900 4600 5100 
Foliar Mg 1200 1200 1200 1200 1400 1200 
Foliar N 13800 14100 12300 14100 13100 15000 
Foliar P 1800 1800 1500 1700 1600 1800 
1Mineral soil and foliar nutrient data from Czapowskyj et al. 1977 and  
Czapowskyj 1979, respectively 
 
concentrations.  Specifically, we found red maple soil K concentrations to be constant with increasing 
mineralization of N to NH4.  Though we did not measure them in our study, this effect may be due to 
species-specific nutrient cycling, increasing mineralization rates, or decreasing nitrification rates (Burke, 
2011).  Though red maple foliage is often associated with greater base cation concentrations (Bélanger et 
al., 2004), we found foliar K concentrations to be lower in comparison to balsam fir.  We did find red 
maple to have greater foliar Mg concentrations, which is consistent with relatively greater nutrient 
demand in this species relative to the softwoods (Bélanger et al., 2004).  In addition, microsite factors not 
measured in the present study such as biotic interactions between microbial communities within the 
rhizosphere, leaching of cations, or colloid adsorption might be influencing K concentrations in red maple 
foliage.  This further supports that relationships between foliar and nutrient soil concentrations are not 
always direct (Fisher and Binkley, 2000; Thiffault et al., 2011).   
 We found no differences in soil or foliar nutrient concentrations across observed O horizon 
thickness, thus rejecting our hypothesis for this study.  In general, it has been long observed that organic 
matter is related to site productivity (Wiedemann, 1935).  Because WTH reduces the amount of woody 
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residue returned to the forest floor, there are concerns about reduced organic matter in soils following 
removal of biomass (Janowiak and Webster, 2010).  Results of studies investigating effects of biomass 
harvest on soil organic matter have varied with time since harvest.  Three years post-harvest in mixed oak 
stands in Tennessee, Johnson et al. (1991) observed that O horizon thickness decreased from 6.9 to 5.5 
cm, which they attributed to a redistribution of organic matter content.  Thirty-eight years following 
harvest in a western larch stand within northwestern Montana, Jang et al. (2015) observed greater 
increases in forest floor organic matter on areas that received greater biomass utilization and post-harvest 
prescribed burning.  They attributed this to rapid regrowth of vegetation following biomass harvesting. 
 With increasing efforts to enhance carbon sequestration within forests to reduce CO2 emissions, 
there are concerns about the long-term sustainability of whole-tree removal on carbon storage (Fahey et 
al., 2010; Kellomäki et al., 2013; Lackner, 2003).  Johnson and Curtis (2001) found that this is of 
particular concern in coniferous forests on low-productivity sites.  Through a meta-analysis comparing 
soil C and N, they found slight decreases in soil C and N on sites that received WTH, relative to SOH.  
Similar findings were found in a Scots pine plantation of moderate productivity in southern Sweden, 24 
years after WTH (Egnell and Valinger, 2003).  Egnell and Valinger (2003) observed reductions in basal 
area and tree height and attributed these to reductions in soil N availability in WTH stands, relative to 
SOH where logging residues were left on site.  Similar results were found in a Norway spruce plantation 
located on wet sites in northern Sweden 31 years after WTH (Egnell, 2011).  Egnell (2011) observed 
reductions in basal area attributed to greater losses of nitrogen with WTH relative to SOH.  Though our 
study area is of low to moderate productivity, we did not find an effect of treatment on either soil or foliar 
nutrient concentrations 50 years after WTH and SOH.  The effect of species on this outcome merits 
additional study, as utilization of soil nutrients has been found to vary in mixedwood stands (i.e. those 
with both softwoods and hardwoods) due to their species-specific functional traits (Hendrickson et al., 
1987; Kelty, 1992).  Research in other regions suggests that declines in productivity are more likely after 
repeated application of WTH (Thiffault et al., 2011).  Future work in the PEF study, where a second 
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harvest is scheduled for 2017-2018, could reveal whether this is the case for this northern mixedwood 
forest.   
 This research provided a unique opportunity to assess 50-year results from a U.S. Forest Service 
legacy study, making it the longest known, on-going evaluation of stand productivity, soil and foliar 
nutrient concentration following whole-tree harvesting in temperate forests worldwide.  To expand the 
scope of our results, a connection to long-term studies across space and time is needed to further develop 
our understanding of long-term forest productivity following biomass harvesting.  Because availability of 
long-term datasets and financial resources to establish new long-term studies is limited, there remain 
opportunities for re-visiting earlier historical studies (Adams et al., 2010; Lugo, 2009).  To address 
contemporary concerns, established studies have the potential to be reanalyzed or repurposed.  With 
initial objectives to compare nutrient status and spruce-fir regeneration under three slash disposal 
treatments 50 years prior, we found a valuable opportunity to gain insight into the long-term implications 
of biomass harvesting on both site and stand productivity. 
 
2.6. Conclusions and Management Implications 
 Consistent with previous studies, we found no differences in soil or foliar nutrient concentrations 
50 years after biomass harvesting relative to an unharvested reference.  Observed variability in nutrient 
concentrations may be due to factors not measured in our study, such as species-specific differences in 
nutrient cycling, biotic interactions in the rhizosphere, mineralization and nitrification rates, and 
elemental interactions.  In conjunction with findings of no treatment effect on aboveground stand 
productivity at this site (Chapter 1), we conclude that neither WTH nor SOH degraded soil nor foliar 
nutrient availability in a northern mixedwood forest 50 years after a single treatment, even on a site with 
low to moderate production potential. 
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CHAPTER 3 
INFLUENCE OF CANOPY OPENNESS ON UNDERSTORY PLANT DIVERSITY IN 
MANAGED AND UNMANAGED STANDS IN MAINE, USA 
 
3.1. Abstract 
Single-tree selection cutting is used to promote vertically and horizontally diverse stand structures 
through creation of small gaps in the canopy.  In stands of shade-tolerant species, repeated application of 
the selection system releases advance regeneration, resulting in a highly stratified canopy with openings 
of various sizes and ages throughout the stand.  Resulting structural and compositional heterogeneity have 
implications for understory species diversity and microsite resources at varying spatial scales.  To address 
potential influences from single-tree selection cutting, this study quantifies the relationship between 
canopy openness and understory species diversity of vascular and non-vascular plants by employing 
repeated cyclic sampling techniques on permanent sample plots in the Penobscot Experimental Forest in 
Maine, USA.  Spatial location was accounted for using global positioning systems (GPS) locations to 
measure spherical distances between observations.  In addition to species diversity (Shannon’s H’) and 
canopy openness, total basal area, O horizon thickness, and surface substrate (e.g. percent litter cover or 
exposed soil) were also measured and used as model covariates.  Within single-tree selection and 
unharvested reference stands, both O horizon thickness and basal area were observed to have a negative 
curvilinear relationship with canopy openness.  At a given O horizon thickness and basal area, model 
results indicated that canopy openness was significantly lower in the single-tree selection than 
unharvested reference stands for (p < 0.01).  Overall, lower species diversity was found with greater cover 
of softwood litter and lower canopy openness.  However, the effect of canopy openness on species 
diversity differed between the single-tree selection and unharvested reference treatments.  Little change in 
species diversity was observed with increasing canopy openness in single-tree selection stands.  Species 
diversity was lower in the unharvested reference until approximately 0.12 (proportion) canopy openness, 
then was greater than that in the single-tree selection stands.  Differences in canopy openness and species 
  
57 
 
diversity between unharvested reference and single-tree selection stands are likely due to the effects of 
silvicultural treatment, including widespread disturbances of light to moderate severity occurring at short-
term intervals and resulting stratification.  These findings suggest that lower canopy openness in the 
single-tree selection stands, as influenced by management and site condition, result in minimal increases 
in diversity relative to an unharvested reference. 
 
3.2. Introduction 
 Uneven-aged management based on target residual forest structural attributes, as in single-tree 
selection cutting, has been found to promote both vertical and horizontal structural diversity while 
maintaining continuous forest cover (Kenefic and Brissette, 2014; Kenefic et al., 2005a).  Given variation 
in small-scale removals in single-tree selection cutting and release of advance regeneration, gaps of 
various sizes are produced creating a diverse array of light regimes (Beaudet and Messier, 2002).  
Furthermore, softwood and hardwood tree regeneration can respond differently to gap openings given 
variation in functional traits (e.g., shade-tolerance; D’Amato et al., 2015).  As a result, stand composition 
can be altered following single-tree selection cutting in northern mixedwood stands (Sendak et al., 2003).   
With changes in the diversity of forest stand structure, there are also implications for changes in 
understory plant diversity following treatment at different spatial scales.  However, few studies have 
included the relative geographic location of understory species diversity in their observations (Scheller 
and Mladenoff, 2002).  In addition, capturing the within-stand variability of understory species dynamics 
at the appropriate scale has posed a challenge in ecology (Levin, 2000, 1992).  Furthermore, limitations in 
statistical power have been found when modeling stochastic ecological processes with highly non-linear 
relationships through linear regression (Miina and Heinonen, 2008). 
 
3.2.1. Using Silviculture to Promote Structural Diversity in Northern Mixedwood Stands 
 Natural disturbance types in northern temperate forests of the northeastern U.S. and Canada have 
been characterized as moderate severity, ranging from host-specific disturbances to wind storms (Fraver 
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and White, 2005).  These natural disturbances result in decadal rates of 30 percent removal of the canopy, 
not exceeding 55 percent (Fraver, 2004).  Stand-replacing fires are uncommon in northern temperate 
forests, as attributed to abundant precipitation frequently occurring throughout the growing season 
(Lorimer and White, 2003).  Stand-replacing windstorms are also uncommon with long return intervals 
ranging from 575-1000 years.  Using natural disturbance regimes as a guide, single-tree selection cutting 
produces gaps ranging in size from 0.001-0.01 ha, which can be comparable to tree-fall gaps common in 
unmanaged northern temperate forest stands (Seymour et al., 2002).  This is similar to 1 percent canopy 
disturbance per year or 10 percent per decade.  Given these small disturbances over time, northern 
temperate forests are dominated by late-successional, multi-aged, shade-tolerant tree species (Seymour, 
2005; Seymour et al., 2002).  Shade-tolerant advance regeneration persists underneath closed canopies in 
these stands.  In turn, herbaceous plant cover has been found to increase with gap formation and decrease 
with canopy closure (Moore and Vankat, 1986).     
 Changes in resource availability following creation of gaps in the canopy can promote shifts in 
understory plant competition, influencing overall plant composition (Bergstedt and Milberg, 2001).  
Increases in shade-intolerant species, such as black cherry (Prunus serotina), following 0.1-ha patch-
selection cuts have been observed following gap creation in northern hardwood forests (D’Amato et al., 
2015).  In Sierran mixed-conifer forests, increases in soil moisture favor increases in diverse herb cover 
with reductions in shrub diversity (North et al., 2005).  Soil moisture may vary with differences in litter 
cover and depth, highlighting the role of substrate in determining understory plant species cover and 
diversity (North et al., 2005).  Furthermore, soil moisture has been found to decrease with increasing gap 
age (Moore and Vankat, 1986).  Therefore, along with shifts in understory plant composition following 
gap creation are implications for changes in microsite conditions over time. 
 
3.2.2. Effect of Silviculture on Understory Plant Diversity 
 Studies looking at species diversity in managed stands tend to observe either an indirect influence 
of, or interactions of site variables with, treatment.  Using ordination techniques,  Bryce (2009) found that 
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lower understory species diversity was related to greater softwood litter, softwood basal area, and total 
basal area in variants of uneven-aged and even-aged silviculture and exploitative cutting in northern 
conifer stands.  These findings may be indirectly related to silvicultural influence of target goals for basal 
area and species composition.  Separate from environmental variables, Bryce (2009) observed similarities 
in understory composition among single-tree selection treatments with 5-, 10-, and 20-year cutting cycles.  
These may be attributed to the occurrence of similar stages of stand development (Nyland et al., 2016) 
present in all three treatments, i.e. areas within each that are in the stem exclusion and understory 
reinitiation phases (Oliver and Larson, 1996). 
Similar to Bryce (2009), Bataineh et al. (2013) found an interaction between treatment and site 
variables on abundance and composition of natural tree regeneration using variance partitioning. 
Specifically, 16 percent of variance was attributed to overstory and understory vegetation; interactions of 
treatment with soil properties (i.e. eluvial horizon thickness, O horizon thickness, and depth to 
redoximorphic features) and substrate (i.e. coarse woody material, softwood litter, hardwood litter, bare 
ground, and rock cover) accounted for 4 percent of variance; treatment alone accounted for 4 percent 
variance, and substrate and soil properties accounted for 2 percent of variance.  Though spatial location 
was not accounted for in the Bryce (2009) study, the Bataineh et al. (2013) study used a third degree 
polynomial (Borcard et al., 1992) as a surrogate measure for spatial locations of observations.  Bataineh et 
al. (2013) found that in addition to joint influences with treatment and site, spatial location accounted for 
2 percent of variance in natural tree regeneration. 
 
3.2.3. Study Goals and Objectives 
Given small-scale structural and compositional heterogeneity inherent to uneven-aged 
management, there are further implications for differences in understory species diversity and microsite 
resources at varying spatial scales (Raymond et al., 2006; Song et al., 2014).  The spatial variability of 
these ground-layer dynamics may not be fully captured in existing studies (Levin, 2000).  The goal of the 
present study is therefore to evaluate differences in understory plant diversity between unmanaged stands 
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and those managed with uneven-aged silviculture, given various site and canopy conditions, by 
accounting for spherical distance between observations using global position systems (GPS) locations.  
This study utilizes a 60 year-old, replicated single-tree selection experiment harvested on a 10-year 
cutting cycle (hereafter referred to as 10-year selection) and an unharvested reference in a northern 
mixedwood forest in Maine, USA.  While accounting for site condition (O horizon thickness; both 
objectives) and substrate (second objective), the objectives of this study were to (1) quantify the 
relationship between selection treatments and canopy openness, as compared to an unharvested reference, 
and (2) characterize the relationship between canopy openness and understory plants (both vascular and 
nonvascular) regarding their species diversity in single-tree selection and unharvested stands.  We 
hypothesized that canopy openness and its relationship with understory species diversity would be a 
function of the interaction between treatment and site conditions (substrate and O horizon thickness), 
rather than of treatment alone. 
 
3.3. Methods 
3.3.1. Study Site 
 Both the unharvested reference (compartments, C32A and C32B, also called management units) 
and 10-year selection experiments (C12 and C20) are located on the Penobscot Experimental Forest 
(PEF) in Bradley, Maine, USA (Figure 3.1.; Table 3.1.).  Overall, the PEF has a mixed species 
(hardwood-softwood mixture) composition as attributed to its location within a transition zone between 
eastern broadleaf and boreal forest types (Bailey, 2009; McMahon, 1990).  Topography throughout the 
PEF is relatively flat, with minimal changes in elevation (Dibble, 2014).  Mean annual temperature for the 
PEF, from 1995-2015, was 7.2 °C, with a mean annual precipitation of 107 cm, and a mean annual 
snowfall of 193 cm (National Weather Service, NOAA).   
Soils on all treatments are derived from either glacial till or marine sediment.  A somewhat poorly 
drained to poorly drained Scantic-Lamoine-Colonel association dominates both unharvested reference 
stands (NRCS, 2015).  In compartment C12, both a Scantic-Lamoine-Colonel association and a poorly 
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Figure 3.1. The 10-year selection (C12 and C20) and unharvested reference [C32A (outer boundary) and C32B (inner boundary)] relative to their 
location on the Penobscot Experimental Forest, Bradley, ME, USA.  Black dots on each unit represent sampled quadrat locations.  Circular 
boundaries within each unit represent permanent sample plot extents.  Depth-to-water table is represented in the foreground with darker shading 
indicative of higher depth-to-water. 
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Table 3.1. Unit descriptions for the 10-year selection treatments and the unharvested reference. 
 
Unit Hectares Description Datum Coordinate System Zone Easting Northing Longitude Latitude 
12 12.5 10-Year Selection NAD 1983 UTM 19N 530215.47 4966958.58 -68.61759008 44.85540072 
20 8.8 10-Year Selection NAD 1983 UTM 19N 528516.76 4967466.04 -68.63906003 44.86003884 
32A 5.2 Unharvested Reference NAD 1983 UTM 19N 529599.64 4968622.92 -68.62528675 44.87040889 
32B 2.9 Unharvested Reference NAD 1983 UTM 19N 529593.57 4968674.68 -68.62536044 44.87087506 
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drained to very poorly drained Scantic-Biddeford complex co-dominate.  Drainage and soil type are more 
varied on C20.  In addition to the Scantic-Biddeford complex, both a well-drained to somewhat poorly 
drained Peru-Colonel-Tunbridge association and a Skerry-Becket-Colonel complex are common in C20 
(NRCS, 2015).  Differences in drainage across treatments are also expressed by cartographic depth-to-
water tables derived from light detection and ranging data (LiDAR), as shown in Figure 3.1. (Murphy et 
al., 2011; UNB Forest Watershed Research Center, 2014).  Within-site variation in species composition 
can be further attributed to these differences in soil drainage types and base parent material. 
 Prior to initial harvests in 1954 (C12) and 1957 (C20), species composition on the 10-year 
selection stands was dominated by balsam fir (Abies balsamea), spruce species (Picea rubens, P. glauca, 
P. mariana), and eastern hemlock (Tsuga canadensis), with eastern white pine (Pinus strobus) present as 
a minor component (Sendak et al., 2003).  This was still the case in 2015 when we began our sampling in 
this treatment (as measured by percent of total of basal area; Table 3.2.).  In contrast to the 10-year 
selection, the first inventory on the unharvested reference area (1954) revealed dominance by balsam fir 
and eastern white pine (Sendak et al., 2003).  In 2014, eastern hemlock was most prevalent on the 
unharvested reference, accounting for 29.7 ± 30.9 (mean ± SD) percent of total basal area (Table 3.2.), 
followed by eastern white pine (23.5 ± 15.9 percent of total basal area) and balsam fir (21.3 ± 23.7 
percent of total basal area).  Though originally designated a single unit, the unharvested reference was 
divided in 1993 to account for distinct differences in stand development (Kenefic and Brissette, 2014; 
Kenefic et al., 2005b), which may also express differences in species composition by unit (Table A.4.). 
 
3.3.2. Treatment Description and Natural Disturbance History 
 The 10-year selection treatment utilizes the BDq approach to determine target residual stand 
structural attributes of maximum tree diameter, distribution of tree diameters by size classes, and basal 
area (Guldin, 1991).  If total basal area of the stand is below the target residual basal area 10 years 
following previous removal, the harvest is delayed until the next cutting cycle.  The harvest may also be 
delayed if the basal area to be removed (i.e. allowable cut) is below 2.3 m2 ha-1, which is approximately 
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Table 3.2. Mean (standard deviation) and range of species composition (percent of total basal area), by 
treatment. 
 
  
10-Year Selection Unharvested 
Reference 
Number of Units 2 2 
Number of Transects 24 20 
Number of Quadrats 266 221 
Species Mean(SD) Range Mean(SD) Range 
Balsam Fir 30.9(19) 0-87.5 21.3(23.7) 0-81.2 
Bigtooth Aspen 0(0) 0-0 0.1(1) 0-9.1 
Eastern Hemlock 17.8(17.9) 0-76.9 29.7(30.9) 0-100 
Eastern White Pine 2.1(5.2) 0-38.5 23.5(15.9) 0-66.7 
Gray Birch 0.6(3.2) 0-28.6 0(0) 0-0 
Northern White-Cedar 4.5(9.8) 0-69.2 2.3(7.8) 0-52.9 
Paper Birch 2(4.4) 0-25 1(2.3) 0-11.1 
Quaking Aspen 0(0.6) 0-10 2.2(6) 0-36.4 
Red Maple 10.7(13.4) 0-60 13.6(13.6) 0-60 
Red Oak 0.1(0.8) 0-9.1 0(0) 0-0 
Red Pine 0(0) 0-0 0.4(1.6) 0-9.1 
Red/Black Spruce 30.8(19.4) 0-80 6(8.1) 0-46.7 
Sugar Maple 0.3(2.2) 0-27.3 0(0) 0-0 
Unknown 0(0.5) 0-8.3 0(0) 0-0 
White Spruce 0.1(1.2) 0-12.5 0(0) 0-0 
Yellow Birch 0.1(0.6) 0-8.3 0(0) 0-0 
 
equal to 0.2 m2 ha-1 multiplied by the length of the cutting cycle (Kenefic and Brissette, 2014).  
Established in November 1954 and February 1957, C12 and C20 had been harvested five times at 10-year 
intervals at the time of our study with the most recent harvests in 1994 and 1998, respectively (Kenefic 
and Brissette, 2014; Sendak et al., 2003).  Harvesting systems varied over time with changes in 
technology, starting with horse logging and transitioning to rubber-tired skidders; felling is conducted 
with chainsaws (Sendak et al., 2003).  For trees > 1.3 cm in diameter at breast height (dbh), target residual 
basal area has varied between 23.0 and 34.5 m2 ha-1 with a stand-level target maximum diameter between 
45.7 and 50.8 cm (Kenefic et al., 2015).  Species composition (proportion of total basal area for trees ≥ 
11.43 cm dbh) goals are currently 0.40 for spruce sp., 0.30 for eastern hemlock, 0.15 for hardwoods, and 
0.05 each for balsam fir, eastern white pine, and northern-white cedar (Thuja occidentalis L.).  Falling 
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below the residual basal area target, the sixth entry for both C12 and C20 was delayed (U.S. Forest 
Service, Northern Research Station, 2015) until 2016 and 2018, respectively.  At the time of our sampling 
both units had areas in the understory re-initiation and stem exclusion phases of stand development 
(Franklin et al., 2002; Nyland et al., 2016) resulting in a diverse vertical and horizontal stand structure 
(Kenefic and Brissette, 2014). 
 Since the late 1800s the reference area has received no harvesting disturbance (Kenefic and 
Brissette, 2014).  However, evidence of fire (i.e. presence of charcoal in the soil) was observed in the 
northeastern portion of C32A during our sampling period.  Evidence of fire has also been found 
elsewhere in the PEF, though stand-replacing disturbances were uncommon prior to the establishment of 
the PEF in the 1950s (Puhlick et al., 2016a, 2016b).  In addition to fire, low to moderate influence from 
the ca. 1972-86 eastern spruce budworm (Choristoneura fumiferana) outbreak was also observed on the 
unharvested reference as well as other stands on the PEF (Puhlick et al., 2016c).  Reductions in total basal 
area growth were also observed in C12 and C20 during the eastern spruce budworm outbreak (U.S. Forest 
Service, Northern Research Station, 2015). 
 
3.3.3. Experimental Design and Data Collection 
 Each treatment is replicated twice (Figure 3.1.) at the stand level in a complete random design 
across the PEF (Kenefic and Brissette, 2014; Sendak et al., 2003).  Within each stand are 10-21, 0.08-ha 
circular permanent sample plots (PSPs) with a radius of 16.1 m.  Location of these PSPs in each stand is 
based on a systematic grid with a random start (Waskiewicz et al., 2015).  Starting 2 m from the plot 
center of PSPs and using a random azimuth, we installed a 30-m transect for repeated, cyclic sampling 
(Scheller and Mladenoff, 2002).  A 2-m offset from plot center was used to account for heavy foot traffic 
during 10-year stand inventories (Kenefic and Brissette, 2014; Waskiewicz et al., 2015).  With a 16.1-m 
radius, approximately half of the 30-m transect fell within the PSP and the other half fell outside the PSP.  
Sampling on the unharvested reference units occurred from July-September 2014 and sampling on the 10-
year selection units occurred from July-September 2015.  Every other PSP was sampled in C20 and one 
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PSP was dropped from C12, as it fell in a forested wetland not representative of the stand.  All PSPs were 
sampled in the unharvested reference units. 
Along the 30-m transect, 1 m x 1 m quadrats were established adjacent to one another.  Using a 
modification of the Scheller and Mladenoff (2002) sampling approach, one cycle of sampling was done 
on the first, second, fourth, and tenth 1-m2 quadrat along 13 meters of the transect (i.e. 4 of 13 total 
quadrats were sampled per cycle).  This unequally spaced sampling was employed to capture inter-plot 
variability at short and long distances (Figure 3.2.).  A cycle was repeated until the end of the 30-m 
transect (i.e. more than two cycles were completed on each transect).  If non-sampled quadrats (i.e. not 
one of the pre-determined 4 quadrats) happened to fall in open areas not representative of the forest 
matrix, those quadrats were sampled in addition to the other four in that cycle. 
 At each sampled quadrat the center was located using pre-cut CPVC pipe positioned at 90° 
angles, dividing the 1-m2 quadrat into four equal sections.  Plot center was demarcated with a pin-flag for 
sequential basal area, global positioning systems (GPS), and canopy openness measurements.  Within 
each quadrat both vascular and non-vascular plant cover up to 2 m was visually estimated as a proportion 
of the quadrat.  Cover was estimated whether from plants hovering over or originating within the quadrat.  
Most plants were identified to species.  Unknown plants were collected and later identified.  However, in 
instances where identifiable reproductive features were unavailable (e.g. Carex sp. and Viola sp.), plant 
cover was identified to genus or group level.  Cover from bare branches present on trees was visually 
estimated separately from plant cover.   
In preparation for data analyses, a Shannon-Weaver diversity index (H’) was calculated for each 
quadrat in R version 3.4.2 (R Core Team, 2017), using the diversity function within the vegan package 
(Oksanen et al., 2017).  In addition to plant cover, cover of the following substrate variables was also 
estimated: 1) bare ground, 2) fresh decay wood, 3) advanced decay wood, 4) hardwood litter, 5) softwood 
litter, 6) other litter, 7) rock, 8) stump, 9) standing water, and 10) exposed roots.  Fresh decay wood and 
advanced decay wood was differentiated based on decay classes from Maser and Trappe (1984) and 
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Figure 3.2. Repeated, cyclic technique employed at permanent sample plots within the 10-year selection treatments and the unharvested reference.  
One cycle is equal to 13 quadrats or 13 meters.  Four quadrats are sampled at pre-determine locations.  This is a modified approach to Scheller and 
Mladenoff (2002). 
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Hagemann et al. (2010).  Decay classes 1-3 and 4-5 distinguished coarse woody material as either fresh 
decay or advanced decay, respectively.   
O horizon thickness, basal area, GPS location, and canopy openness of sampled quadrats were 
measured after estimating proportion of plant and substrate cover.  Four measurements of the Oe and Oa 
horizons in each quadrat were measured and averaged for O horizon thickness, focusing on well and 
partially decomposed organic matter.  Oi was excluded from thickness measurements.  Basal area was 
measured using an English ten basal area factor (BAF) prism from the center of each sampled quadrat; ft2 
ac-1 was converted to m2 ha-1.  Dbh was not recorded.  GPS locations of each quadrat center were obtained 
using a Trimble GeoXH GPS unit (Trimble Navigation, Sunnyvale, California, USA).  Locations were 
further differentially corrected through post-processing in GPS Pathfinder version 5.85 (Trimble 
Navigation, Sunnyvale, California, USA).  The datum and coordinate system in which these locations 
were projected was North American Datum (NAD) 1983 and Universal Transverse Mercator (UTM) 
Zone 19N, respectively.  In order to obtain a canopy openness measurement above each quadrat, a digital 
hemispherical photo was taken using a Canon EOS 5D Mark II camera with a fisheye lens attachment 
positioned 1.2 m above the ground.  The camera was adjusted to confirm horizontal and vertical levelness 
with magnetic north at the top of each image.  Photos were only captured in the morning from 0500-0800 
EST, in the afternoon 1600-2000 EST, or on completely overcast days.  Each image was further post-
processed in WinSCANOPY 2012a (Regent Instruments Canada Inc, 2012) to obtain a canopy openness 
measurement (defined as portion of sky unhindered by vegetation) above each quadrat.  Summary 
statistics of Shannon-Weaver (H’) diversity indices, bare branch and substrate cover, O horizon thickness, 
total basal area, and canopy openness can be seen in Table 3.3.  Locations of all sampled quadrats can be 
seen in Figure 3.1. 
 
3.3.4. Statistical Analyses 
 Linear mixed-effects models with a spatial correlation structure were used to quantify 
relationships between canopy openness and treatment (i.e. first objective), and canopy openness and 
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Table 3.3. Mean (standard deviation) and range values for the 10-year selection treatment and unharvested reference, by unit. 
 
 10-Year Selection Unharvested Reference Overall 
Unit 12 20 32A 32B Overall 
Number of Transects 13 11 10 10 44 
Number of Quadrats 145 121 111 110 487 
Variable Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Shannon's H' 1.1(0.46) 
0.11-
2.08 1.25(0.47) 
0.09-
2.61 1.17(0.49) 
0.06-
2.67 1.23(0.42) 0-2.03 1.18(0.46) 0-2.67 
Proportion Canopy Openness 0.11(0.04) 
0.04-
0.23 0.10(0.03) 
0.04-
0.23 0.14(0.02) 
0.09-
0.21 0.13(0.02) 
0.07-
0.18 0.12(0.03) 
0.04-
0.23 
Total Basal Area m2 ha-1 29.5(9.4) 
11.5-
57.4 30.4(8.5) 
9.2-
55.1 34.7(9.9) 
18.4-
75.8 39(10.8) 
20.7-
78.1 33(10.3) 
9.2-
78.1 
O Horizon Thickness (cm) 8.8(4) 0-19.2 10.3(6.5) 2.8-51 7.2(4.2) 
2.2-
28.1 6.8(3.5) 0.6-17 8.3(4.9) 0-51 
Proportion Bare Ground Cover 0(0) 0-0.04 0(0.01) 0-0.03 0(0.01) 0-0.06 0(0.01) 0-0.05 0(0.01) 0-0.06 
Proportion Fresh Decay Wood Cover 0.32(0.22) 0-0.95 0.23(0.21) 
0.01-
0.95 0.23(0.18) 
0.01-
0.9 0.22(0.15) 
0.05-
0.75 0.26(0.2) 0-0.95 
Proportion Advanced Decay Wood 
Cover 0.04(0.07) 0-0.35 0.06(0.1) 0-0.55 0.13(0.14) 0-0.7 0.11(0.12) 0-0.65 0.08(0.11) 0-0.7 
Proportion Hardwood Litter Cover 0.27(0.28) 0-0.95 0.33(0.29) 0-0.95 0.36(0.3) 
0.01-
0.95 0.14(0.13) 0-0.55 0.28(0.28) 0-0.95 
Proportion Softwood Litter Cover 0.39(0.24) 0-0.95 0.39(0.26) 0-0.9 0.6(0.29) 
0.05-
0.95 0.71(0.16) 0-0.95 0.51(0.28) 0-0.95 
Proportion Other Litter Cover 0.01(0.02) 0-0.1 0.02(0.05) 0-0.55 0.02(0.01) 0-0.05 0.02(0.01) 0-0.04 0.01(0.03) 0-0.55 
Proportion Rock Cover 0(0.01) 0-0.06 0.01(0.08) 0-0.7 0(0.01) 0-0.05 0.01(0.02) 0-0.1 0(0.04) 0-0.7 
Proportion Stump Cover 0.01(0.04) 0-0.3 0.01(0.03) 0-0.3 0.01(0.05) 0-0.4 0.01(0.04) 0-0.25 0.01(0.04) 0-0.4 
Proportion Standing Water Cover 0.01(0.04) 0-0.4 0(0) 0-0.04 0(0.01) 0-0.13 0(0) 0-0 0(0.02) 0-0.4 
Proportion Exposed Root Cover 0(0.01) 0-0.15 0(0.01) 0-0.03 0.02(0.03) 0-0.15 0.02(0.04) 0-0.2 0.01(0.03) 0-0.2 
Proportion Bare Branch Cover 0.001(0.002) 
0-
0.013 0.001(0.001) 
0-
0.006 0.003(0.005) 
0-
0.033 0.001(0.003) 
0-
0.021 0.001(0.003) 
0-
0.033 
 
 
 70 
 
species diversity (i.e. second objective), while accounting for varying site conditions (e.g. O horizon 
thickness, basal area, or substrate) using functions lme and corSpatial within package nlme (Pinheiro et 
al., 2016) in R version 3.4.2 (R Core Team, 2017).  Transect nested within unit were specified in models 
as random effects.  The spatial correlation structure of linear mixed-effects models grouped Easting and 
Northing coordinates by transect within unit to account for spherical distance between quadrats.   
Both the response variable and continuous explanatory variable were plotted and fitted with a 
loess line to assess their relationship (Figure A.13. – Figure A.14.).  A log-transformation was applied to 
continuous explanatory variables if the relationship between the response variable and the explanatory 
variable was observed to be non-linear.  Either a consistent value of 0.1 or the minimum non-zero value 
(for proportion data) was added to the raw data for log-transformed covariates.  Models were then tested 
using mixed-effects ANOVA at α = 0.05.  Significant or non-significant covariates (i.e. individual and 
interaction terms) were added or dropped, respectively, to improve model fit.  Final models were 
determined using Akaike’s “An Information Criterion”, using function AIC in the R base stats package (R 
Core Team, 2017).  Predicted estimates from final models were plotted for interpretation. 
Models quantifying relationships between canopy openness and treatment were run with the 
following covariates: total basal area, O horizon thickness, and treatment.  Given a low negative 
correlation coefficient (r2) of 0.11, total basal area was used in both canopy openness and species 
diversity models.  Canopy openness was logit transformed to meet equal variance assumptions of the 
model.  This transformation was used to retain conservative estimates of the data (Warton and Hui, 2011). 
To assess relationships between canopy openness and species diversity, models were run with the 
following covariates: treatment, total basal area, canopy openness, O horizon thickness, and substrate 
variables.  Prior to running species diversity models, variable selection using random forests, or VSURF, 
was run in R to reduce the number of substrate variables based on the prediction step (Genuer et al., 
2015).  Variables from the prediction step minimized redundancy in the model structure. 
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3.4. Results 
 Twenty-four and 20 transects were laid out in the 10-year selection and unharvested reference 
units, respectively, for a total of 44 transects.  Number of quadrats sampled for the 10-year selection and 
unharvested reference were 266 and 221, respectively.  Together, 487 quadrats were sampled across both 
treatments.  Gamma diversity of all 487 quadrats was 137 species, 22 percent of which could not be 
identified and are listed as unknown (Table A.5.) (NRCS, 2017).   
In 10-year selection treatments, most commonly occurring species were Dicranum sp. (0.80) on 
C12 and balsam fir (0.86) on C20.  Dicranum sp. was second most frequent on C20.  On the unharvested 
reference, balsam fir was most commonly occurring on C32A (0.83) and red maple (Acer rubrum L.) 
(0.91) on C32B (Table A.6.).  Balsam fir was third most frequent (0.43) on C32B, after Bazzania 
trilobata (0.60).  Red maple was second most frequent (0.77) on C32A.   
Balsam fir, Bazzania trilobata, and eastern hemlock have the most dominant understory plant 
cover in both the 10-year selection (0.10 ± 0.18, 0.07 ± 0.13, 0.06 ± 0.14, respectively; mean ± standard 
deviation) and unharvested reference (0.17 ± 0.24, 0.04 ± 0.08, 0.04 ± 0.13, respectively) treatments 
(Table A.7. – Table A.8.).  Understory species with mean proportion cover ≥ 0.01 (after averaging across 
all quadrats within treatment, independent of unit) were compared between 10-year selection and 
unharvested reference treatments to determine whether there were species unique to either treatment 
(Table 3.4. – Table 3.5.).  Among understory species contributing at least 1 percent cover, Callicladium 
haldanianum, Dicranum fuscescens, Leucobryum glaucum, Nowellia curvifolia, Pinus strobus, and 
Platygyrium repens were found in the unharvested reference only (Table 3.4.).  Similarly, Brachythecium 
sp., Cornus canadensis, Corylus cornuta, Dicranum sp., Osmunda claytoniana, Pteridium aquilinum, and 
Sphagnum sp. were found in the 10-year selection only (Table 3.5.).  Relationships between canopy 
openness and site variables (basal area and O horizon thickness) and between species diversity and site 
variables were non-linear (Figure A.13. – Figure A.14.). 
 A final additive model of total basal area (p = <0.0001), treatment (p = 0.0162), and O horizon 
thickness (p = 0.0040) was found to best predict canopy openness (Table 3.6.).  Negative curvilinear 
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Table 3.4. Mean (standard deviation) proportion cover > 0.01 of species present in the unharvested 
reference but not in the 10-year selection.  Means and standard deviations represent cover across all 
measured quadrats within treatment, independent of unit. 
 
Scientific Name NRCS Code Lifeform Shade Tolerance Mean(SD) 
Callicladium haldanianum (Grev.) H.A. Crum CAHA32 Bryophyte Tolerant 0.01(0.03) 
Dicranum fuscescens Turner DIFU5 Bryophyte Tolerant 0.01(0.02) 
Leucobryum glaucum (Hedw.) Ångstr. LEGL19 Bryophyte Tolerant 0.01(0.02) 
Nowellia curvifolia (Dicks.) Mitt. NOCU3 Liverwort Tolerant 0.02(0.03) 
Pinus strobus L. PIST Tree Intermediate 0.01(0.03) 
Platygyrium repens (Brid.) Schimp. PLRE5 Bryophyte Tolerant 0.02(0.03) 
 
 
 
 
 
 
 
 
Table 3.5. Mean (standard deviation) proportion cover > 0.01 of species present in the 10-year selection 
but not in the unharvested reference.  Means and standard deviations represent cover across all measured 
quadrats within treatment, independent of unit. 
 
Scientific Name NRCS Code Lifeform Shade Tolerance Mean(SD) 
Brachythecium Schimp. BRACH10 Bryophyte Tolerant 0.01(0.01) 
Cornus canadensis L. COCA13 Subshrub Tolerant 0.01(0.06) 
Corylus cornuta Marshall COCO6 Shrub Tolerant 0.01(0.03) 
Dicranum Hedw. DICRA8 Bryophyte Tolerant 0.02(0.05) 
Osmunda claytoniana L. OSCL2 Fern Tolerant 0.01(0.05) 
Pteridium aquilinum (L.) Kuhn PTAQ Fern Tolerant 0.01(0.06) 
Sphagnum L. SPHAG2 Bryophyte Tolerant 0.03(0.12) 
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Table 3.6. Canopy openness linear mixed-effects model ANOVA estimates and p-values (α = 0.05).  To 
address the need for normality, canopy openness was logit-transformed. 
 
Predictor Estimate SE p-value 
Intercept -0.62 0.15 0.0000 
log(Basal Area) -0.32 0.04 0.0000 
10-Year Selection -0.38 0.05 0.0162 
log(O Horizon Thickness) -0.06 0.02 0.0040 
 
 
 
 
 
Figure 3.3. Predicted canopy openness estimates by a) total basal area and b) O horizon thickness. 
 
 
 
relationships were found between canopy openness and both total basal area and O horizon thickness 
(Figure 3.3.).  Model results indicated lower canopy openness in the 10-year selection treatment relative 
to the unharvested reference. 
 For species diversity, a final additive model of softwood litter cover (p = 0.0008), canopy 
openness (p = 0.0003), treatment (p = 0.1508), and an interaction between canopy openness and treatment 
(p = 0.0189), was found (Table 3.7.).  Species diversity had a negative curvilinear relationship with 
softwood litter (Figure 3.4.b).  Lower species diversity was found with lower canopy openness, though 
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Table 3.7. Species diversity linear mixed-effects model ANOVA estimates and p-values (α = 0.05). 
 
Predictor Estimate SE p-value 
Intercept 2.64 0.41 0.0000 
log(Proportion Softwood Litter Cover) -0.06 0.02 0.0008 
log(Proportion Canopy Openness) 0.73 0.20 0.0003 
10-Year Selection -1.08 0.47 0.1508 
log(Proportion Canopy Openness) * 
10-Year Selection 
-0.53 0.22 0.0189 
 
 
 
 
 
Figure 3.4. Predicted species diversity estimates by a) canopy openness and b) softwood litter cover. 
 
 
 
effects of canopy openness differed between treatments as indicated by the significant interaction between 
canopy openness and treatment.  Species diversity in the unharvested reference was lower than the 10-
year selection until canopy openness reached approximately 0.12 (proportion; Figure 3.4.a).  Beyond 0.12 
canopy openness, species diversity in the unharvested reference exceeded that in the 10-year selection and 
increased with increasing canopy openness.
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3.5. Discussion 
 In light of implications for shifts in species diversity following gap creation, the goal of this study 
was to compare differences in understory plant species diversity (both vascular and non-vascular) 
between unmanaged stands and stands managed with uneven-aged silviculture, while accounting for site 
and spatial distance between observations.  Previous studies have shown increases, decreases, or no 
change in species diversity following disturbance (e.g., Bryce, 2009; Kern et al., 2014; Moore and 
Vankat, 1986; Scheller and Mladenoff, 2002; Woods et al., 2012).  Consistent with previous studies on 
the PEF, we found that factors in addition to treatment were related to understory species diversity (e.g., 
Bataineh et al., 2013), such as softwood litter (Bryce, 2009).  In comparison to our findings, Kern et al. 
(2014) found greater species diversity under gaps relative to unharvested references in northern hardwood 
forests.  However, we only observed greater species diversity in our single-tree selection treatment until 
canopy openness reached 0.12 (proportion).  Similar to our findings, Woods et al. (2012) found fine-scale 
reductions in species diversity in temperate old-growth forests. 
 A negative curvilinear relationship between canopy openness and total basal area is to be 
expected.  Canopy closure increases with greater stem density (Oliver and Larson, 1996).  Stem density, 
however, can be dependent upon site capacity (Wiedemann, 1935), as we also observed decreasing 
canopy openness with increasing O horizon thickness.  The negative curvilinear relationship between O 
horizon thickness and canopy openness may be due to greater inputs of organic matter with increased 
canopy closure, e.g., during stem exclusion (Nyland et al., 2016; Oliver and Larson, 1996).  Notably, 
model outcomes indicate lower canopy openness in the single-tree selection than unharvested reference 
stands, independent of total basal area or O horizon thickness.  Given creation of small openings with 
single-tree selection cutting at each entry, and potential presence of advance regeneration within gaps 
(Brissette, 1996), stratification of the stand into different ages and sizes can occur leaving the overall 
stand in multiple stages of stand development with both high and low shade (Nyland et al., 2016; Oliver 
and Larson, 1996).  In comparison, natural gaps are formed in the unharvested reference, which may be 
consistent with decadal rates of 30 percent removal of the canopy previously found in unmanaged 
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northern conifer stands (Fraver, 2004).  Advance regeneration may or may not be present in these natural 
gaps, which may result in greater canopy openness relative to single-tree selection cutting, thus resulting 
in greater increases in understory species diversity with increasing canopy openness. 
 Given that softwood litter often has a lower pH than hardwood litter, species diversity has been 
found to decrease with increasing softwood litter cover (Légaré et al., 2001).  Some plant species, such as 
bunchberry dogwood (Cornus canadensis), persist on narrow soil pH ranges (e.g. 5.5-6.9), while other 
plant species such as beaked hazelnut (Corylus cornuta) can persist on a wider soil pH range (e.g. 4.8-7.5) 
(NRCS, 2017).  Softwood species such as red spruce or balsam fir, given low pH of their litter, are found 
on soils with pH values as low as 4.0 (NRCS, 2017).  Though we did not measure pH, the single-tree 
selection stands were 61.8 ± 20.1 percent spruce-fir, whereas the unharvested reference was 27.2 ± 24.7 
percent spruce-fir.  Greater presence of spruce-fir in the single-tree selection may be due in part to species 
composition targets used for timber marking, which seek to limit hardwood composition to no more than 
15% of basal area and to increase the proportion of spruce.  This may have implications for soil acidity in 
the single-tree selection stands, though both bunchberry dogwood and beaked hazelnut were present.  
 In 2006-2007, Bryce (2009) collected baseline data on understory composition and diversity 
within the PEF using circular mil-acre (0.0004-ha) plots with a radius of 1.1 m (Waskiewicz et al., 2015), 
nested within the PSPs of the unharvested reference, uniform shelterwood system variants, single-
selection system variants (including the 10-year cutting cycle treatment), unregulated harvest (commercial 
clearcut) treatments, and fixed and modified diameter-limit cutting.  Our study provides results on 
understory diversity within the 10-year selection and unharvested reference 8 years after this first 
comprehensive inventory of understory plants on the PEF.  Furthermore, we inventoried plant 
composition, focusing on both non-vascular and vascular plants, beyond PSP boundaries and incorporated 
GPS location of our observations.  Though we did not differentiate between hardwood and softwood 
basal area, our findings were consistent with Bryce (2009) regarding the effect of softwood litter on 
species diversity.  Furthermore, Bryce (2009) found forest bryophyte cover to be more abundant in the 
selection treatments than the unharvested reference.  As bryophytes are a more shade tolerant lifeform, 
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the greater presence of bryophyte cover may be due to the contiguous forest canopy cover produced by 
single-tree selection treatments.  Furthermore, Dibble et al. (1999) found that red spruce seedlings were 
associated with Bazzania trilobata.  We did not test for significant differences by lifeform between the 
unharvested reference and the 10-year selection.  However, Dicranum sp., Bazzania trilobata, and 
Brachythecium sp. were all found to frequently occur within the 10-year selection (Table A.6.).  Though 
balsam fir was the most frequently occuring in C20, Dicranum sp., Bazzania trilobata, and 
Brachythecium sp. occurred at similar frequencies.  By comparison, balsam fir and red maple were the top 
most frequently occurring species in the unharvested reference, with bryophytes occurring at lower 
frequencies. 
 In contrast to Bryce (2009), O horizon thickness was not a significant variable in our species 
diversity models.  Furthermore, Bryce (2009) did not find canopy openness to have an effect on 
understory plant species diversity.  However, this may be due to differences in data collection.  More 
specifically, Bryce collected canopy openness measurements at 0.6 m above ground, which was below the 
foliage of some understory plants. In our study openness measurements were made at 1.2 m above 
ground.  Lastly, linear relationships were assumed by Bryce (2009), however, we mostly observed non-
linear relationships with understory species diversity (Figure A.14.). 
 With increases in light following gap creation, changes in microsite resources such as soil 
moisture often result in increases in species diversity (Bergstedt and Milberg, 2001; Moore and Vankat, 
1986).  Significant increases in overall understory light levels have been previously found under single-
tree gaps (Canham et al., 1990).  The role of light in shifts in species diversity may also be associated 
with shifts in red and far-red wavelengths reflected within closed canopies to more uniform spectral 
wavelengths associated with gaps (Canham et al., 1990).  More specifically, greater red:far-red ratios 
have been related to the germination of smaller-seed bearing, shade-intolerant species (Jankowska-
Blaszczuk and Daws, 2007; Tiansawat and Dalling, 2013).  Differences in red:far-red ratios may further 
contribute to differences in species between the unharvested reference and 10-year selection; additional 
study is warranted to test this hypothesis. 
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 In addition to differences in light conditions across treatments, species contributing at least 1 
percent cover differed between the unharvested reference and 10-year selection treatments (Table 3.4. – 
Table 3.5.).  Initial stand composition and subsequent application of silvicultural treatments aimed at 
controlling overstory tree species composition may directly influence tree species composition in the 
understory; both may be related to the presence of greater eastern white pine cover in the understory of 
the unharvested reference than 10-year selection stands.  In addition, differences in understory species 
between treatments may further reflect site-specific factors not measured in this study that have 
implications for understory species based on their functional diversity (i.e., differences in species-specific 
traits) (Mouillot et al., 2013).  For example, our data suggest differences in bryophyte communities 
between the unharvested reference and 10-year selection treatments.  Though bryophytes are often 
associated with closed-canopy conditions due to their shade tolerance, various species may serve different 
purposes in community functioning within disturbed and undisturbed stands (Sabatini et al., 2014).   
Little is known about community functioning following shifts in understory plant species 
diversity as affected by disturbance (Berlow, 1999).  However, research on functional diversity under 
different management regimes has emerged.  Sabatini et al. (2014) observed different functional diversity 
in single-tree selection relative to old-growth stands.  Even with similar species diversity, functional 
diversity may differ between stands managed with uneven-aged silviculture and unharvested references.  
Kern et al. (2014) found that functional trait diversity did not increase with species diversity following 
harvest, indicative of possible redundancy in functional traits in response to disturbance.  Given 
limitations in measuring understory plant species diversity alone, a more trait-based approach has been 
suggested for looking at differences in understory plant communities following disturbance (Mouillot et 
al., 2013).  Further work is needed on the PEF to assess functional diversity between treatments. 
 
3.6. Conclusions and Management Implications 
 This study follows up on baseline measurements made in 2006-2007 in a northern conifer forest 
on the Penobscot Experimental Forest in Maine, USA.  Both studies found softwood litter to play a role in 
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influencing species diversity.  Furthermore, bryophytes were observed to frequently occur within the 
single-tree selection treatment.  Differences in findings may otherwise reflect differences in data 
collection methodologies. 
 In the present study, lower canopy openness was consistently observed in the single-tree selection 
stands relative to the unharvested reference.  This may be due to the widespread distribution of light- to 
moderate-severity disturbances at short intervals of 10 years, thus leaving the overall stand in different 
stages of stand development with diversifying canopy strata, and resulting in minimal increases of 
understory species diversity.  In comparison, greater increases in species diversity with increasing canopy 
openness were found in the unharvested reference.  Distribution of disturbance over time in the selection 
and unharvested reference treatments was not quantified in the present study, and warrant further 
investigation to support these findings. 
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EPILOGUE 
This research used an established U.S. Forest Service study to provide unique insights on long-
term northern mixedwood stand and site productivity 50 years following clearcutting with whole-tree 
harvesting (WTH), stem-only harvesting (SOH), and stem-only harvesting with post-harvest prescribed 
burning (SOHB).  In addition, a 60+ year study evaluating single-tree selection cutting on a 10-year 
cutting cycle was used to investigate understory plant species diversity, following up on baseline 
measurements collected 8 years prior by Bryce (2009).  Both studies occurred on the Penobscot 
Experimental Forest (PEF), in Bradley, ME.  Given the location of this forest in a transition zone between 
boreal and temperate forests (Bailey, 2009; McMahon, 1990), our findings may have implications for 
both temperate and boreal species, though mostly focus on the unique niche that are northern mixedwood 
(i.e. both hardwoods and softwoods present in mixture) stands. 
 
Chapter 1 
 Unlike other studies on the PEF, this study (C33) was thrice replicated, covering varying soil 
drainage classes (well drained to poorly drained) and underlying parent material types (glacial till and 
glaciomarine).  Furthermore, it is the only management unit on the PEF that received prescribed burning 
as a silvicultural treatment.  The objectives of this study were to assess the influence of site condition (O 
horizon thickness), treatment (clearcutting with WTH, SOH, and SOHB), and their possible interaction 
on: (1) stand structure (quadratic mean diameter, stem density, basal area, and dominant height); (2) 
species composition (hardwood, softwood, and species-specific); and (3) total aboveground carbon stock.   
We found 50 years following harvesting that treatments that received prescribed burning (SOHB) 
had greater hardwood composition than either WTH or SOH treatments.  No differences in hardwood 
composition were found between WTH and SOH treatments.  These findings are consistent with Rinaldi, 
(1970) who observed a lack of softwood regeneration in SOHB sites, 4 years after harvesting and 
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prescribed burning.  Furthermore, he observed relative to SOH and WTH, SOHB had the greatest density 
of hardwood regeneration.  Though we were unable to test for statistical differences before and after 
harvest, there is evidence of a shift in species composition from spruce-fir (Picea – Abies) to 
predominantly hardwood composition.  This is commonly seen in northern mixedwood stands under 
intensive silvicultural treatments (Westveld, 1928).   
At a species-specific scale, eastern white pine (Pinus strobus) was most abundant in WTH, 
relative to SOH and SOHB, though present in smaller abundances overall relative to hardwood species.  
One to three years following harvesting of C33, Bjorkbom and Frank (1968) observed greater exposure of 
mineral soil on WTH sites than either SOHB or SOH.  This may have been due to the harvest system used 
for this treatment: whole-tree removal by a John Deere Model 420 crawler-type tractor.  Increases in 
eastern white pine on sites of exposed mineral soil, or sites that received scarification treatments, have 
also been found in other studies (Pitt et al., 2011; Willis et al., 2016). 
Even with shifts in species composition following clearcutting with WTH, SOH, and SOHB, no 
significant differences among treatments were found for either stand structure or productivity (i.e. stem 
density, total basal area, dominant height, total aboveground carbon stock, and quadratic mean diameter).  
However, we did observe an effect of increasing O horizon thickness on decreasing stem density.  Given 
our stand structure and productivity findings, we concluded that relative to SOH, neither WTH nor SOHB 
degraded long-term (50-year) northern mixedwood stand productivity following a single entry on a site 
with low to moderate production potential. 
 
Chapter 2 
 For chapter 2, we narrowed our focus to comparisons between SOH and WTH, relative to an 
unharvested reference (REF).  Using the same study (C33), we measured 62 trees for soil and foliar 
nutrient concentrations from two dominant species, red maple (Acer rubrum) and balsam fir (Abies 
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balsamea).  Our objectives were to: (1) assess relationships among soil and foliar nutrient concentrations; 
and (2) quantify the influence of treatment (WTH, SOH, REF), site condition (O horizon thickness), and 
species (red maple and balsam fir) on soil and foliar nutrient concentrations. 
 Overall, no effect of site or treatment was found on foliar N, Ca, Mg, K, or P concentrations, or 
on soil NO3, NH4, Ca, Mg, K, P, or S concentrations.  Independent of treatment and site, we found 
species-specific differences among soil and foliar nutrient concentrations.  These findings suggest 
variability in nutrient availability at the micro-scale, including possible influences of underlying soil 
processes not measured in this study.  Such processes may be associated with differences in nutrient 
uptake related to stand dynamics, biotic interactions in the rhizosphere, mineralization and nitrification 
rates, and elemental interactions.  As reflected in our findings for soil and foliar nutrient concentrations, 
we concluded that neither SOH nor WTH degraded site productivity 50 years after harvest, relative to an 
unharvested reference.   
 
Chapter 3 
Unlike C33, the single-tree selection cutting (SEL) treatment and unharvested reference (REF) 
were each replicated twice (i.e. REF = C32A and C32B, SEL = C12 and C20).  However, all management 
units occurred on varying soil drainage classes and parent material types.  Furthermore, sample sizes 
within each unit were large with 145 observations (quads) made in C12, 121 in C20, 111 in 32A, and 110 
in 32B.  Therefore, a total of 487 observations were measured using a modification of repeated, cyclic 
sampling (Scheller and Mladenoff, 2002) for this study.  This is a different approach from Bryce (2009), 
who used mil-acre plots within permanent sample plots to measure species diversity and composition 
(Waskiewicz et al., 2015).   
This study focused on the following objectives: (1) given varying site conditions (O horizon 
thickness and total basal area), evaluate the relationship between canopy openness and SEL, relative to 
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REF; and in-turn (2) quantify the relationship between canopy openness and understory species diversity 
(of both vascular and non-vascular plants combined) within SEL relative to REF, given varying site 
conditions (O horizon thickness, total basal area, and substrate). 
We found that canopy openness was lower in SEL than REF stands for a given total basal area 
and O horizon thickness (p < 0.01).  Consistent with previous studies (e.g., Légaré et al., 2001; Moore and 
Vankat, 1986), lower understory species diversity was found with greater softwood litter cover and lower 
canopy openness.  The effect of canopy openness on understory species diversity differed between SEL 
and REF.  Until approximately 0.12 (proportion) canopy openness, understory species diversity was 
lower in REF than SEL.  Beyond 0.12 canopy openness, understory species diversity was greater in REF 
than SEL.  Minimal increases in understory species diversity within SEL were observed across the range 
of canopy openness values; this may be due to low shade resulting from stratification of shade-tolerant 
softwoods (Fajvan and Seymour, 1993) into different age and size classes.  This stratification of the 
canopy is likely due to the widespread disturbances of light to moderate severity, occuring at 10-year 
cutting cycles.  Further work is warranted to explore characteristics of stand structure and their influence 
on understory plant communities.  
 
Management Implications 
 In consideration of our findings on intensive harvesting disturbances in northern mixedwood 
stands, with regard to long-term (50-year) stand productivity, we found that neither WTH nor SOHB 
degraded stand productivity relative to conventional SOH.  This finding was supported by stand structure 
and total above ground carbon stock estimates in C33 across all three treatments.  However, we found that 
burning after clearcutting in northern mixedwood stands significantly increases the hardwood component 
of the stand relative to SOH or WTH, with minimal or no influences of treatment on stand structure or 
productivity 50 years later.  Furthermore, scarification of the site through skidding whole trees may be a 
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factor in increased eastern white pine composition, though this species occurred in small numbers overall 
in our study.  As expected with increasing O horizon thickness along a gradient from well to poor 
drainage, decreasing stem density was observed.  Yet no interactions between treatment and O horizon 
thickness on composition or stand productivity were found 50 years following harvest on this northern 
mixedwood site.   
Chapter 2 further supports these findings of no long-term effect of treatment on site productivity.  
We found neither SOH nor WTH, relative to an unharvested reference, influenced soil and foliar nutrient 
concentrations 50 years after harvest.  Furthermore, we found these relationships are variable at the 
micro-scale, and likely due to underlying soil processes.  We therefore conclude that WTH does not 
degrade either long-term (50-year) site or stand productivity in northern mixedwood stands on sites of 
low to moderate production potential, after a single treatment. 
 In Chapter 3 we observed that single-tree selection on 10-year cutting cycles resulted in minimal 
increases in understory species diversity (of both vascular and non-vascular plants) relative to an 
unharvested reference.  While diversity in SEL was greater at very low levels of canopy openness, it was 
lower than that observed in REF at higher levels of canopy openness. This may be due to stand structural 
differences or the homogenizing effect of frequent disturbance in the SEL.  However, further work is 
needed to confirm whether stand-structural attributes specific to single-tree selection cutting influence 
understory species diversity trends as seen in our initial findings. 
 Findings from this dissertation therefore present spatial and temporal aspects of site and stand 
productivity (expressed here as: stand structure, composition, total aboveground carbon stock, soil 
nutrient concentrations, foliar nutrient concentrations, and understory species diversity) following 
intensive and partial harvesting disturbances in northern mixedwood stands. 
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APPENDIX A: SUPPLEMENTAL FIGURES AND TABLES
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Figure A.1. Soil NO3 concentration (mg · kg-1) loess plots by a) soil Mg, b) soil NH4, and c) soil P 
concentration, with respective partial dependence plots (d-f). 
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Figure A.2. Soil NH4 concentration (mg · kg-1) loess plots by a) distance to road, b) soil Mg, and c) soil 
NO3 concentration, with respective partial dependence plots (d-f). 
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Figure A.3. Soil Ca concentration (mg · kg-1) loess plot by a) soil Mg concentration, with respective 
partial dependence plot (b). 
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Figure A.4. Soil K concentration (mg · kg-1) loess plots by a) soil NH4 concentration, b) distance to north 
edge, and c) O horizon thickness, with respective partial dependence plots (d-f). 
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Figure A.5. Soil Mg concentration (mg · kg-1) loess plot by a) soil Ca concentration, with respective 
partial dependence plot (b). 
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Figure A.6. Soil P concentration (mg · kg-1) loess plots by a) distance to road and b) distance to north 
edge of experimental unit, with respective partial dependence plots (c-d). 
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Figure A.7. Soil S concentration (mg · kg-1) loess plots by a) soil Mg concentration, b) soil Ca 
concentration, and c) soil K concentration, with respective partial dependence plots (d-f).
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Figure A.8. Foliar N concentration (mg · kg-1) loess plots by a) foliar Mg concentration and b) soil NO3 
concentration, with respective partial dependence plots (c-d). 
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Figure A.9. Foliar Ca concentration (mg · kg-1) loess plots by a) foliar Mg concentration, b) soil Mg 
concentration, and c) foliar K concentration, with respective partial dependence plots (d-f). 
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Figure A.10. Foliar K concentration (mg · kg-1) loess plots by a) foliar P concentration and b) foliar Mg 
concentration, with respective partial dependence plots (c-d). 
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Figure A.11. Foliar Mg concentration (mg · kg-1) loess plots by a) foliar N concentration, b) foliar Ca 
concentration, and c) foliar P concentration, with respective partial dependence plots (d-f). 
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Figure A.12. Foliar P concentration (mg · kg-1) loess plots by a) soil Mg concentration, b) soil Ca 
concentration, c) foliar K concentration, g) distance to road, h) soil S concentration, i) foliar Mg 
concentration, and m) soil NH4 concentration, with respective partial dependence plots (d-f, j-l, and n). 
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Figure A.12. Continued 
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Figure A.12. Continued 
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Figure A.13. Proportion canopy openness loess plots by a) total basal area and b) O horizon thickness. 
 
 
 
 
 
 
 
Figure A.14. Shannon’s H’ loess plots by a) proportion bare branch cover, b) proportion softwood litter 
cover, c) total basal area, d) proportion canopy openness, and e) O horizon thickness. 
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Table A.1. Live-tree species composition (% of total basal area) for stems ≥ 1.3 cm dbh (SOH, SOHB, WTH, Overall). 
 
  
Stem-Only Harvest 
Stem-Only Harvest 
with Burn 
Whole-Tree Harvest Overall 
Total Number of Plots 5 6 6 17 
Species Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Balsam Fir 36.5(7.4) 25.1-43.4 24.8(11.1) 11.3-38.8 35.8(5) 30.6-44.3 32.1(9.6) 11.3-44.3 
Bigtooth Aspen 12.9(25.8) 0-58.8 2.3(4.9) 0-12.4 2.2(5.3) 0-12.9 5.4(14.4) 0-58.8 
Eastern Hemlock 2(4.4) 0-9.8 0(0) 0-0 0.2(0.4) 0-1 0.6(2.4) 0-9.8 
Eastern White Pine 0.9(1.5) 0-3.6 1.7(3.3) 0-8.3 4.7(3.5) 1.3-10.8 2.5(3.3) 0-10.8 
Gray Birch 3.4(4.3) 0-8.4 0.2(0.4) 0-1.1 2.1(2.6) 0-6 1.8(2.9) 0-8.4 
Northern White-Cedar 0.7(1.3) 0-2.9 0(0) 0-0 0.1(0.3) 0-0.8 0.3(0.7) 0-2.9 
Paper Birch 2.5(2.1) 0-5.2 1.9(1.8) 0-5.1 1(1.2) 0-2.7 1.7(1.7) 0-5.2 
Quaking Aspen 17.5(16.2) 0-37.2 41(9.4) 30.6-52.7 26.7(20.1) 4.3-57.9 29(17.8) 0-57.9 
Red Maple 20(8.6) 10.5-31.1 24.6(3.5) 20.4-29 18.6(6.7) 6.9-25.1 21.1(6.6) 6.9-31.1 
Red Oak 1.3(1.3) 0-3.2 0.7(1.8) 0-4.3 1(1.9) 0-4.8 1(1.6) 0-4.8 
Red/Black Spruce 0.7(0.9) 0-2.1 2.7(4.9) 0-12.7 5.8(8.2) 0-21.2 3.2(5.8) 0-21.2 
White Ash 0.9(1.7) 0-3.9 0(0) 0-0 0.2(0.4) 0-1.1 0.3(1) 0-3.9 
White Spruce 0.8(1.8) 0-4 0.1(0.2) 0-0.5 1.7(1.6) 0-4.2 0.9(1.5) 0-4.2 
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Table A.2. Live-tree species composition (% of total basal area) for stems ≥ 1.3 cm dbh (SOH, WTH, Unharvested Reference, Treatment Overall). 
 
  
Stem-Only Harvest 
Whole-Tree  
Harvest 
Unharvested  
Reference 
Treatment 
Overall 
Poorly-Drained Plots 3 2 2 5 
Well-Drained Plots 2 5 2 7 
Glacial Till Plots 2 3 2 5 
Glaciomarine Plots 3 4 2 7 
Number of Plots 5 7 4 12 
Species Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
American Beech 0(0) 0-0 0(0) 0-0 0(0.1) 0-0.1 0(0) 0-0 
Balsam fir 28.7(9) 15-39.8 22.4(10.8) 0.3-33.3 16.4(7.7) 7.9-26.6 25(10.2) 0.3-39.8 
Bigtooth Aspen 13.9(31.1) 0-69.4 15.7(34.2) 0-91.7 4.3(8.5) 0-17 14.9(31.5) 0-91.7 
Eastern Hemlock 2.4(3.6) 0-7.9 0.1(0.4) 0-1 1.5(3.1) 0-6.2 1.1(2.5) 0-7.9 
Eastern White Pine 0.9(1.3) 0-2.9 3.5(3.2) 0-9.2 11.1(13.6) 0-27.9 2.4(2.8) 0-9.2 
Gray Birch 6.3(5.5) 0-12.5 1.9(2.7) 0-6.5 0.3(0.6) 0-1.2 3.8(4.5) 0-12.5 
Northern-White Cedar 0.5(0.9) 0-2.1 0.1(0.2) 0-0.5 9(12.2) 0-25.8 0.3(0.6) 0-2.1 
Paper Birch 2.5(2.2) 0-5.2 1(1.2) 0-2.5 3(3.8) 0-8 1.6(1.8) 0-5.2 
Quaking Aspen 15.1(17.6) 0-42.8 29.6(25.2) 0-69.5 5.8(8.4) 0-18.1 23.6(22.7) 0-69.5 
Red Maple 24.8(12.4) 10.9-36.7 18.5(8.8) 6.9-28.3 31.4(10.6) 16.9-41.7 21.1(10.4) 6.9-36.7 
Red Oak 1.4(2.1) 0-4.7 1.2(2.2) 0-6 12.6(24.9) 0-50 1.3(2) 0-6 
Red/Black Spruce 0.9(0.8) 0-2.1 4.6(7) 0-18.5 4.3(1.6) 3.5-6.6 3(5.5) 0-18.5 
White Ash 1.3(2.6) 0-5.8 0.2(0.5) 0-1.4 0(0) 0-0 0.6(1.7) 0-5.8 
White Spruce 1.3(1.8) 0-3.4 1.3(1.4) 0-3.8 0.4(0.6) 0-1.2 1.3(1.5) 0-3.8 
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Table A.3. Mean (standard deviation) and range stand attribute values by treatment for stems ≥ 1.3 cm dbh (SOH, WTH, Unharvested Reference, 
Treatment Overall). 
 
  
Stem-Only Harvest 
Whole-Tree  
Harvest 
Unharvested  
Reference 
Treatment 
Overall 
Poorly-Drained Plots 3 2 2 5 
Well-Drained Plots 2 5 2 7 
Till Plots 2 3 2 5 
Glaciomarine Plots 3 4 2 7 
Number of Plots 5 7 4 12 
Variable Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Stem Density (trees ha-1) 6096(1854) 3175-7561 6312(2095) 3509-9452 6706(3274) 3348-10650 6222(1912) 3175-9452 
Total Live-tree Biomass (Mg ha-1) 149.6(50) 81.3-210 173.2(42) 136.5-259.7 175.4(34.6) 140.1-210.1 163.4(45) 81.3-259.7 
Total Basal Area (m2 ha-1) 39(10.3) 23.4-49.6 43(4.8) 36.2-49 39.7(2.6) 36.4-42.4 41.4(7.5) 23.4-49.6 
Average Height (m) 11.9(2.1) 9.4-15.1 11.6(1.1) 9.8-12.9 9.9(1.9) 7.6-12.2 11.7(1.5) 9.4-15.1 
Dominant Height (m) 18.5(3.5) 15.3-24.2 19.1(2.3) 16-22.5 21.1(3.8) 17.1-25.3 18.8(2.8) 15.3-24.2 
Quadratic Mean Diameter (cm) 9.1(1.1) 7.9-10.6 9.7(1.9) 8.1-13.3 9.3(2.1) 7-11.8 9.4(1.6) 7.9-13.3 
% Live-Tree Hardwood Biomass 65.2(12.7) 50-85 68(18.4) 45.7-99.2 57.3(10.7) 46.2-71 66.9(15.7) 45.7-99.2 
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Table A.4. Mean (standard deviation) and range of species composition (% of total basal area) by unit (C12, C20, C32A, C32B). 
 
 10-Year Selection Unharvested Reference 
Unit 12 20 32A 32B 
Number of Transects 13 11 10 10 
Number of Quadrats 145 121 111 110 
Species Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Balsam Fir 27.1(18.2) 0-87.5 35.3(18.9) 0-72.7 41.6(16.5) 3.7-81.2 0.8(3.5) 0-26.7 
Bigtooth Aspen 0(0) 0-0 0(0) 0-0 0.3(1.5) 0-9.1 0(0) 0-0 
Eastern Hemlock 25.6(18.1) 0-76.9 8.4(12.1) 0-61.5 3(8.8) 0-55 56.6(19.8) 6.7-100 
Eastern White Pine 1.1(3.5) 0-22.2 3.4(6.6) 0-38.5 17.9(14.7) 0-57.1 29.2(15.1) 0-66.7 
Gray Birch 0.1(0.8) 0-9.1 1.3(4.7) 0-28.6 0(0) 0-0 0(0) 0-0 
Northern White-Cedar 2.7(4.5) 0-18.7 6.6(13.4) 0-69.2 4.1(10.4) 0-52.9 0.5(2.3) 0-16.7 
Paper Birch 1.4(3.5) 0-16.7 2.8(5.1) 0-25 1.4(2.8) 0-11.1 0.5(1.5) 0-6.2 
Quaking Aspen 0.1(0.8) 0-10 0(0) 0-0 4.3(7.9) 0-36.4 0(0) 0-0 
Red Maple 10.8(13.6) 0-60 10.5(13.2) 0-55.6 21.3(13.9) 0-60 5.7(7.5) 0-38.5 
Red Oak 0.1(0.7) 0-7.7 0.1(0.8) 0-9.1 0(0) 0-0 0(0) 0-0 
Red Pine 0(0) 0-0 0(0) 0-0 0.3(1.3) 0-7.7 0.5(1.7) 0-9.1 
Red/Black Spruce 30.9(20.8) 0-80 30.6(17.6) 0-73.3 5.8(7.1) 0-27.8 6.2(8.9) 0-46.7 
Sugar Maple 0(0) 0-0 0.6(3.3) 0-27.3 0(0) 0-0 0(0) 0-0 
Unknown 0(0) 0-0 0.1(0.8) 0-8.3 0(0) 0-0 0(0) 0-0 
White Spruce 0(0) 0-0 0.3(1.8) 0-12.5 0(0) 0-0 0(0) 0-0 
Yellow Birch 0.1(0.7) 0-8.3 0(0.5) 0-5.9 0(0) 0-0 0(0) 0-0 
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Table A.5. Understory non-vascular and vascular plant list identified on both the 10-year selection and the unharvested reference. 
 
Family NRCS Code Common Name Scientific Name 
Anacardiaceae TORA2 eastern poison ivy Toxicodendron radicans (L.) Kuntze 
Araliaceae ARNU2 wild sarsaparilla Aralia nudicaulis L. 
Asteraceae ASTER  Aster L. 
Asteraceae OCAC whorled wood aster Oclemena acuminata (Michx.) Greene 
Asteraceae SOLID  Solidago L.  
Asteraceae SYLA4 calico aster Symphyotrichum lateriflorum (L.) A. Love & D. Love 
Asteraceae UNK. ASTER   
Betulaceae ALINR speckled alder Alnus incana (L.) Moench ssp. rugosa (Du Roi) R.T. Clausen 
Betulaceae BEPA paper birch Betula papyrifera Marsh. 
Betulaceae BEPO gray birch Betula populifolia Marsh. 
Betulaceae COCO6 beaked hazelnut Corylus cornuta Marsh. 
Brachytheciaceae BRACH10 brachythecium moss Brachythecium cf. laetum (Brid.) B.S.G. 
Brachytheciaceae TONI70  Tomentypnum nitens (Hedw.) Loeske  
Caprifoliaceae DILO northern bush honeysuckle Diervilla lonicera Mill. 
Caprifoliaceae LIBOA twinflower Linnaea borealis ssp. longiflora (Torr.) Hulten 
Caprifoliaceae LOCA7 American fly honeysuckle Lonicera canadensis Bartram ex Marsh. 
Caprifoliaceae VIBUR  Viburnum L. 
Caprifoliaceae VINU withe-rod Viburnum nudum var. cassinoides (L.) Torr. & A. Gray 
Cephaloziaceae NOCU3  Nowellia curvifolia (Dicks.) Mitt. 
Cladoniaceae CLCO13 cup lichen Cladonia coniocraea (Flörke) Sprengel 
Cladoniaceae CLOC60  Cladonia ochrochlora Flörke 
Cladoniaceae CLADO3 cup lichen Cladonia sp. 
Cladoniaceae CLSQ60 cup lichen Cladonia squamosa Hoffm. 
Cladoniaceae  CLAR60  Cladina arbuscula (Wallr.) Hale & W.L. Culb. 
Cornaceae COAL2 alternateleaf dogwood Cornus alternifolia L. f. 
Cornaceae COCA13 bunchberry dogwood Cornus canadensis L. 
Cupressaceae THOC2 eastern white cedar Thuja occidentalis L. 
Cyperaceae CAREX  Carex L. 
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Table A.5. Continued 
 
Family NRCS Code Common Name Scientific Name 
Dennstaedtiaceae PTAQ western brackenfern Pteridium aquilinum (L.) Kuhn var. latiusculum (Desv.) Underw. ex A. Heller  
Dicranaceae DIFU5  Dicranum fuscescens Turner 
Dicranaceae DIMO6 montane dicranum moss Dicranum montanum Hedwig 
Dicranaceae DIPO70 dicranum moss Dicranum polysetum Swartz 
Dicranaceae DICRA8 dicranum moss Dicranum spp. 
Dryopteridaceae DRYOP  Dryopteris Adans. 
Dryopteridaceae ONSE sensitive fern Onoclea sensibilis L. 
Equisetaceae EQUIS horsetail  Equisetum L. 
Ericaceae EPRE2 trailing arbutus Epigaea repens L. 
Ericaceae GAHI2 creeping snowberry Gaultheria hispidula (L.) Muhl. ex Bigelow 
Ericaceae GAPR2 eastern teaberry Gaultheria procumbens L. 
Ericaceae KAAN sheep laurel Kalmia angustifolia L. 
Ericaceae VAAN lowbush blueberry Vaccinium angustifolium Ait. 
Fagaceae QURU northern red oak Quercus rubra L. 
Hylocomiaceae HYSP70 splendid feather moss Hylocomium splendens (Hedwig) W.P. Schimper in B.S.G. 
Hylocomiaceae PLSC70 Schreber's big red stem moss Pleurozium schreberi (Willdenow ex Bridel) Mitten 
Hylocomiaceae RHTR70 rough goose neck moss Rhytidiadelphus triquetrus (Hedwig) Warnstorf 
Hypnaceae CAHA32  Callicladium haldanianum (Grev.) H.A. Crum  
Hypnaceae HYPNU2  Hypnum Hedw. 
Hypnaceae HYIM3 hypnum moss Hypnum imponens Hedwig 
Hypnaceae PLRE5  Platygyrium repens (Brid.) Schimp. 
Hypnaceae PTCR70 knights plume moss Ptilium crista-castrensis (Hedwig) De Notaris 
Hypnaceae   HYPL70  Hypnum plicatulum (Lindb.) A. Jaeger   
Jungermanniaceae JAAU  Jamesoniella autumnalis (DC.) Steph.  
Lamiaceae LYAM American water horehound Lycopus americanus Muhl. ex W. Bartram 
Lepidoziaceae BATR5  Bazzania trilobata (L.) S. Gray var. trilobata   
Leucobryaceae LEGL19 leucobryum moss Leucobryum glaucum (Hedwig) Ångström in Fries 
Liliaceae CLBO3 bluebead Clintonia borealis (Aiton) Raf. 
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Table. A.5. Continued 
 
Family NRCS Code Common Name Scientific Name 
Liliaceae MACA4 Canada mayflower Maianthemum canadense Desf. 
Liliaceae TRUN painted trillium Trillium undulatum Willd. 
Liliaceae  TRILL  Trillium L. 
Lycopodiaceae LYAN2 stiff clubmoss Lycopodium annotinum L. 
Lycopodiaceae LYCOP2 clubmoss Lycopodium L. 
Lycopodiaceae LYOB rare clubmoss Lycopodium obscurum L. 
Mniaceae MNIUM2  Mnium Hedw. 
Mniaceae MNSP2  Mnium spinulosum Bruch & Schimp. 
Monotropaceae MOUN3 Indianpipe Monotropa uniflora L. 
Myricaceae COPE80 sweet fern Comptonia peregrina (L.) J. M. Coult. 
Orchidaceae GOPU downy rattlesnake plantain Goodyera pubescens (Willd.) R. Br.  
Orchidaceae PLOR4 lesser roundleaved orchid Platanthera orbiculata (Pursh) Lindl. 
Orthotrichaceae ULCR2 ulota moss Ulota crispa (Hedw.) Brid. 
Osmundaceae OSCI cinnamon fern Osmunda cinnamomea L. 
Osmundaceae OSCL2 interrupted fern Osmunda claytoniana L. 
Parmeliaceae HYPH60 tube lichen Hypogymnia physodes (L.) Nyl. 
Parmeliaceae PASU63 shield lichen Parmelia sulcata Taylor 
Parmeliaceae USNEA2  Usnea Dill. ex Adans. 
Peltigeraceae PEPO60 felt lichen Peltigera polydactylon (Necker) Hoffm. 
Pinaceae ABBA balsam fir Abies balsamea (L.) Mill. 
Pinaceae PIGL white spruce Picea glauca (Moench) Voss 
Pinaceae PIRU red spruce Picea rubens Sarg. 
Pinaceae PIST eastern white pine Pinus strobus L. 
Pinaceae TSCA eastern hemlock Tsuga canadensis (L.) Carriere 
Poaceae BRACH2  Brachyelytrum P. Beauv.  
Poaceae DASP2 poverty oatgrass Danthonia spicata (L.) P. Beauv. ex Roem. & Schult. 
Poaceae ORAS roughleaf ricegrass Oryzopsis asperifolia Michx. 
Polytrichaceae ATCR  Atrichum crispum (James) Sull. 
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Table A.5. Continued 
 
Family NRCS Code Common Name Scientific Name 
Polytrichaceae POCO38 polytrichum moss Polytrichum commune Hedwig 
Polytrichaceae  POAL24  Polytrichastrum alpinum (Hedw.) G.L. Sm. 
Primulaceae TRBO2 starflower Trientalis borealis Raf. 
Ptilidiaceae PTPU2  Ptilidium pulcherrimum  (G. Web.) Hampe 
Pyrolaceae PYAM American wintergreen Pyrola americana Sweet 
Ranunculaceae COTR2 threeleaf goldthread Coptis trifolia (L.) Salisb. 
Rhamnaceae FRAL4 glossy buckthorn Frangula alnus Mill. 
Rosaceae AMELA  Amelanchier Medik. 
Rosaceae DARE robin runaway Dalibarda repens L. 
Rosaceae FRVI Virginia strawberry Fragaria virginiana Duchesne 
Rosaceae RUFL northern dewberry Rubus flagellaris Willd. 
Rosaceae RUPU dwarf red blackberry Rubus pubescens Raf. 
Rubiaceae MIRE partridgeberry Mitchella repens L. 
Salicaceae POTR5 quaking aspen Populus tremuloides Michx. 
Sapindaceae ACRU red maple Acer rubrum L. 
Scrophulariaceae MELI2 narrowleaf cowwheat Melampyrum lineare Desr. 
Sphagnaceae SPCA70 sphagnum Sphagnum capillifolium (Ehrhart) Hedwig 
Sphagnaceae SPGI70 Girgensohn's sphagnum Sphagnum girgensohnii Russ. 
Sphagnaceae SPHAG2  Sphagnum L. 
Tetraphidaceae TETRA20  Tetraphis Hedw.  
Thuidiaceae THDE10 delicate thuidium moss Thuidium delicatulum (Hedw.) Schimp. 
Thuidiaceae THUID  Thuidium Schimp. 
Violaceae VIOLA  Viola L. 
Unknown FERN   
Unknown UNK. 1   
Unknown UNK. BRYOPHYTE 1   
Unknown UNK. BRYOPHYTE 2   
Unknown UNK. DECIDUOUS 1   
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Table A.5. Continued 
 
Family NRCS Code Common Name Scientific Name 
Unknown UNK. DECIDUOUS 2   
Unknown UNK. DECIDUOUS 3   
Unknown UNK. GRASS 1   
Unknown UNK. GRASS 10   
Unknown UNK. GRASS 2   
Unknown UNK. GRASS 3   
Unknown UNK. GRASS 4   
Unknown UNK. GRASS 5   
Unknown UNK. GRASS 6   
Unknown UNK. GRASS 7   
Unknown UNK. GRASS 8   
Unknown UNK. GRASS 9   
Unknown UNK. HERB 1   
Unknown UNK. HERB 2   
Unknown UNK. HERB 3   
Unknown UNK. HERB 4   
Unknown UNK. LICHEN 1   
Unknown UNK. LICHEN 2   
Unknown UNK. LICHEN 3   
Unknown UNK. LICHEN 4   
Unknown UNK. LICHEN 5   
Unknown UNK. LIVERWORT   
Unknown UNK. SEDGE   
Unknown UNK. SHRUB   
Unknown UNK. TREE     
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Table A.6. Understory non-vascular and vascular plant frequency of occurrence (proportion of total 
quadrats by unit) on both the 10-year selection and the unharvested reference. 
 
 
10-Year 
Selection 
Unharvested 
Reference 
NRCS Code 12 20 32A 32B 
ABBA 0.57 0.86 0.83 0.43 
ACRU 0.65 0.71 0.77 0.91 
ALINR 0.03 0.00 0.00 0.00 
AMELA 0.00 0.00 0.00 0.01 
ARNU2 0.07 0.14 0.23 0.16 
ASTER 0.00 0.01 0.00 0.00 
ATCR 0.00 0.00 0.01 0.00 
BATR5 0.70 0.72 0.30 0.60 
BEPA 0.03 0.02 0.13 0.15 
BEPO 0.00 0.02 0.00 0.00 
BRACH10 0.51 0.73 0.00 0.00 
BRACH2 0.00 0.01 0.00 0.00 
CAHA32 0.00 0.00 0.22 0.06 
CAREX 0.04 0.01 0.02 0.03 
CLADO3 0.30 0.56 0.00 0.00 
CLAR60 0.00 0.01 0.00 0.00 
CLBO3 0.02 0.02 0.01 0.00 
CLCO13 0.00 0.00 0.05 0.06 
CLOC60 0.00 0.05 0.10 0.06 
CLSQ60 0.00 0.02 0.00 0.00 
COAL2 0.01 0.02 0.00 0.00 
COCA13 0.14 0.19 0.04 0.00 
COCO6 0.12 0.09 0.00 0.00 
COPE80 0.00 0.02 0.00 0.00 
COTR2 0.01 0.10 0.02 0.01 
DARE 0.00 0.00 0.02 0.00 
DASP2 0.03 0.08 0.00 0.00 
DICRA8 0.80 0.83 0.13 0.11 
DIFU5 0.00 0.00 0.24 0.15 
DILO 0.00 0.02 0.00 0.00 
DIMO6 0.00 0.00 0.14 0.15 
DIPO70 0.00 0.12 0.18 0.07 
DRYOP 0.14 0.02 0.00 0.00 
EPRE2 0.01 0.00 0.00 0.00 
EQUIS 0.05 0.00 0.00 0.00 
FERN 0.00 0.01 0.02 0.00 
FRAL4 0.00 0.00 0.13 0.16 
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Table A.6. Continued 
 
 
10-Year 
Selection 
Unharvested 
Reference 
NRCS Code 12 20 32A 32B 
FRVI 0.00 0.02 0.00 0.00 
GAHI2 0.01 0.02 0.00 0.00 
GAPR2 0.03 0.03 0.00 0.00 
GOPU 0.00 0.00 0.03 0.00 
HYIM3 0.00 0.10 0.10 0.00 
HYPH60 0.00 0.01 0.00 0.00 
HYPL70 0.00 0.02 0.00 0.00 
HYPNU2 0.43 0.17 0.00 0.00 
HYSP70 0.22 0.39 0.10 0.17 
JAAU 0.00 0.07 0.00 0.00 
KAAN 0.03 0.03 0.00 0.00 
LEGL19 0.06 0.08 0.05 0.27 
LIBOA 0.08 0.03 0.04 0.00 
LOCA7 0.01 0.04 0.03 0.03 
LYAM 0.01 0.00 0.00 0.00 
LYAN2 0.00 0.00 0.00 0.01 
LYCOP2 0.02 0.00 0.00 0.00 
LYOB 0.00 0.00 0.02 0.00 
MACA4 0.49 0.53 0.32 0.09 
MELI2 0.00 0.01 0.00 0.00 
MIRE 0.04 0.02 0.00 0.01 
MNIUM2 0.08 0.04 0.00 0.00 
MNSP2 0.00 0.01 0.01 0.05 
MOUN3 0.01 0.01 0.00 0.00 
NOCU3 0.00 0.00 0.43 0.27 
OCAC 0.01 0.02 0.00 0.00 
ONSE 0.01 0.01 0.00 0.00 
ORAS 0.00 0.00 0.00 0.03 
OSCI 0.02 0.02 0.00 0.00 
OSCL2 0.03 0.04 0.01 0.00 
PASU63 0.00 0.01 0.00 0.00 
PEPO60 0.00 0.00 0.01 0.00 
PIGL 0.00 0.02 0.01 0.00 
PIRU 0.18 0.36 0.07 0.15 
PIST 0.03 0.11 0.18 0.21 
PLOR4 0.01 0.00 0.00 0.00 
PLRE5 0.00 0.00 0.44 0.20 
PLSC70 0.50 0.64 0.26 0.14 
POAL24 0.00 0.00 0.05 0.00 
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Table A.6. Continued 
 
 
10-Year 
Selection 
Unharvested 
Reference 
NRCS Code 12 20 32A 32B 
POCO38 0.06 0.06 0.00 0.00 
POTR5 0.00 0.01 0.09 0.00 
PTAQ 0.08 0.13 0.03 0.00 
PTCR70 0.01 0.05 0.01 0.00 
PTPU2 0.10 0.33 0.00 0.00 
PYAM 0.00 0.00 0.01 0.00 
QURU 0.00 0.01 0.02 0.05 
RHTR70 0.00 0.03 0.00 0.00 
RUFL 0.07 0.01 0.00 0.00 
RUPU 0.00 0.01 0.01 0.00 
SOLID 0.01 0.00 0.00 0.00 
SPCA70 0.00 0.01 0.00 0.00 
SPGI70 0.00 0.01 0.00 0.00 
SPHAG2 0.23 0.06 0.00 0.00 
SYLA4 0.00 0.02 0.00 0.00 
TETRA20 0.00 0.01 0.00 0.00 
THDE10 0.00 0.03 0.16 0.04 
THOC2 0.03 0.03 0.02 0.00 
THUID 0.01 0.05 0.00 0.00 
TONI70 0.00 0.00 0.03 0.00 
TORA2 0.01 0.00 0.00 0.00 
TRBO2 0.28 0.36 0.16 0.02 
TRILL 0.00 0.00 0.00 0.02 
TRUN 0.00 0.00 0.00 0.02 
TSCA 0.59 0.32 0.06 0.39 
ULCR2 0.04 0.19 0.02 0.00 
UNK. 1 0.00 0.00 0.01 0.00 
UNK. ASTER 0.00 0.01 0.00 0.00 
UNK. BRYOPHYTE 1 0.00 0.00 0.01 0.00 
UNK. BRYOPHYTE 2 0.00 0.01 0.00 0.00 
UNK. DECIDUOUS 1 0.00 0.00 0.00 0.03 
UNK. DECIDUOUS 2 0.00 0.00 0.00 0.03 
UNK. DECIDUOUS 3 0.00 0.00 0.00 0.03 
UNK. GRASS 1 0.00 0.01 0.00 0.00 
UNK. GRASS 10 0.01 0.00 0.00 0.00 
UNK. GRASS 2 0.00 0.01 0.00 0.00 
UNK. GRASS 3 0.01 0.01 0.00 0.00 
UNK. GRASS 4 0.00 0.01 0.00 0.00 
UNK. GRASS 5 0.00 0.01 0.00 0.00 
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Table A.6. Continued 
 
 
10-Year 
Selection 
Unharvested 
Reference 
NRCS Code 12 20 32A 32B 
UNK. GRASS 6 0.01 0.00 0.00 0.00 
UNK. GRASS 7 0.01 0.00 0.00 0.00 
UNK. GRASS 8 0.01 0.00 0.00 0.00 
UNK. GRASS 9 0.01 0.00 0.00 0.00 
UNK. HERB 1 0.00 0.01 0.00 0.00 
UNK. HERB 2 0.00 0.01 0.00 0.00 
UNK. HERB 3 0.01 0.00 0.00 0.00 
UNK. HERB 4 0.01 0.00 0.00 0.00 
UNK. LICHEN 1 0.00 0.02 0.00 0.00 
UNK. LICHEN 2 0.01 0.00 0.00 0.00 
UNK. LICHEN 3 0.00 0.00 0.01 0.01 
UNK. LICHEN 4 0.00 0.00 0.00 0.01 
UNK. LICHEN 5 0.00 0.00 0.00 0.01 
UNK. LIVERWORT 0.01 0.11 0.00 0.00 
UNK. SEDGE 0.00 0.01 0.00 0.00 
UNK. SHRUB 0.00 0.01 0.00 0.00 
UNK. TREE 0.00 0.02 0.00 0.00 
USNEA2 0.00 0.01 0.00 0.00 
VAAN 0.00 0.12 0.01 0.00 
VIBUR 0.00 0.00 0.02 0.00 
VINU 0.00 0.02 0.00 0.00 
VIOLA 0.06 0.02 0.00 0.00 
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Table A.7. Mean (standard deviation) understory non-vascular and vascular plant cover (proportion) listed 
in descending order on the 10-year selection. 
 
NRCS Code Mean(SD) 
ABBA 0.1(0.18) 
BATR5 0.07(0.13) 
TSCA 0.06(0.14) 
PLSC70 0.04(0.09) 
PIRU 0.03(0.08) 
SPHAG2 0.03(0.12) 
DICRA8 0.02(0.05) 
ACRU 0.01(0.06) 
ARNU2 0.01(0.03) 
BRACH10 0.01(0.01) 
COCA13 0.01(0.06) 
COCO6 0.01(0.03) 
HYSP70 0.01(0.04) 
OSCL2 0.01(0.05) 
PTAQ 0.01(0.06) 
ALINR 0(0.02) 
AMELA 0(0) 
ASTER 0(0) 
ATCR 0(0) 
BEPA 0(0) 
BEPO 0(0) 
BRACH2 0(0) 
CAHA32 0(0) 
CAREX 0(0) 
CLADO3 0(0.01) 
CLAR60 0(0) 
CLBO3 0(0) 
CLCO13 0(0) 
CLOC60 0(0) 
CLSQ60 0(0) 
COAL2 0(0) 
COPE80 0(0.01) 
COTR2 0(0.03) 
DARE 0(0) 
DASP2 0(0.01) 
DIFU5 0(0) 
DILO 0(0) 
DIMO6 0(0) 
DIPO70 0(0.02) 
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Table A.7. Continued 
 
NRCS Code Mean(SD) 
DRYOP 0(0.01) 
EPRE2 0(0) 
EQUIS 0(0) 
FERN 0(0) 
FRAL4 0(0) 
FRVI 0(0) 
GAHI2 0(0) 
GAPR2 0(0) 
GOPU 0(0) 
HYIM3 0(0.02) 
HYPH60 0(0) 
HYPL70 0(0.01) 
HYPNU2 0(0.01) 
JAAU 0(0) 
KAAN 0(0.02) 
LEGL19 0(0) 
LIBOA 0(0) 
LOCA7 0(0) 
LYAM 0(0) 
LYAN2 0(0) 
LYCOP2 0(0) 
LYOB 0(0) 
MACA4 0(0.01) 
MELI2 0(0) 
MIRE 0(0) 
MNIUM2 0(0) 
MNSP2 0(0) 
MOUN3 0(0) 
NOCU3 0(0) 
OCAC 0(0) 
ONSE 0(0.01) 
ORAS 0(0) 
OSCI 0(0.02) 
PASU63 0(0) 
PEPO60 0(0) 
PIGL 0(0.03) 
PIST 0(0.04) 
PLOR4 0(0) 
PLRE5 0(0) 
POAL24 0(0) 
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Table A.7. Continued 
 
NRCS Code Mean(SD) 
POCO38 0(0) 
POTR5 0(0) 
PTCR70 0(0) 
PTPU2 0(0.01) 
PYAM 0(0) 
QURU 0(0) 
RHTR70 0(0) 
RUFL 0(0.01) 
RUPU 0(0) 
SOLID 0(0) 
SPCA70 0(0) 
SPGI70 0(0) 
SYLA4 0(0) 
TETRA20 0(0) 
THDE10 0(0) 
THOC2 0(0.01) 
THUID 0(0.01) 
TONI70 0(0) 
TORA2 0(0) 
TRBO2 0(0.01) 
TRILL 0(0) 
TRUN 0(0) 
ULCR2 0(0) 
UNK. 1 0(0) 
UNK. ASTER 0(0) 
UNK. BRYOPHYTE 1 0(0) 
UNK. BRYOPHYTE 2 0(0) 
UNK. DECIDUOUS 1 0(0) 
UNK. DECIDUOUS 2 0(0) 
UNK. DECIDUOUS 3 0(0) 
UNK. GRASS 1 0(0) 
UNK. GRASS 10 0(0) 
UNK. GRASS 2 0(0) 
UNK. GRASS 3 0(0) 
UNK. GRASS 4 0(0) 
UNK. GRASS 5 0(0) 
UNK. GRASS 6 0(0) 
UNK. GRASS 7 0(0) 
UNK. GRASS 8 0(0) 
UNK. GRASS 9 0(0) 
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Table A.7. Continued 
 
NRCS Code Mean(SD) 
UNK. HERB 1 0(0) 
UNK. HERB 2 0(0) 
UNK. HERB 3 0(0) 
UNK. HERB 4 0(0) 
UNK. LICHEN 1 0(0) 
UNK. LICHEN 2 0(0) 
UNK. LICHEN 3 0(0) 
UNK. LICHEN 4 0(0) 
UNK. LICHEN 5 0(0) 
UNK. LIVERWORT 0(0) 
UNK. SEDGE 0(0) 
UNK. SHRUB 0(0) 
UNK. TREE 0(0.03) 
USNEA2 0(0) 
VAAN 0(0) 
VIBUR 0(0) 
VINU 0(0) 
VIOLA 0(0) 
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Table A.8. Mean (standard deviation) understory non-vascular and vascular plant cover (proportion) listed 
in descending order on the unharvested reference. 
 
NRCS Code Mean(SD) 
ABBA 0.17(0.24) 
BATR5 0.04(0.08) 
TSCA 0.04(0.13) 
ACRU 0.02(0.02) 
ARNU2 0.02(0.05) 
NOCU3 0.02(0.03) 
PIRU 0.02(0.09) 
PLRE5 0.02(0.03) 
CAHA32 0.01(0.03) 
DIFU5 0.01(0.02) 
HYSP70 0.01(0.03) 
LEGL19 0.01(0.02) 
PIST 0.01(0.03) 
PLSC70 0.01(0.05) 
ALINR 0(0) 
AMELA 0(0) 
ASTER 0(0) 
ATCR 0(0) 
BEPA 0(0) 
BEPO 0(0) 
BRACH10 0(0) 
BRACH2 0(0) 
CAREX 0(0.01) 
CLADO3 0(0) 
CLAR60 0(0) 
CLBO3 0(0) 
CLCO13 0(0.01) 
CLOC60 0(0.02) 
CLSQ60 0(0) 
COAL2 0(0) 
COCA13 0(0.01) 
COCO6 0(0) 
COPE80 0(0) 
COTR2 0(0) 
DARE 0(0) 
DASP2 0(0) 
DICRA8 0(0.01) 
DILO 0(0) 
DIMO6 0(0.02) 
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Table A.8. Continued 
 
NRCS Code Mean(SD) 
DIPO70 0(0.01) 
DRYOP 0(0) 
EPRE2 0(0) 
EQUIS 0(0) 
FERN 0(0) 
FRAL4 0(0.01) 
FRVI 0(0) 
GAHI2 0(0) 
GAPR2 0(0) 
GOPU 0(0) 
HYIM3 0(0.01) 
HYPH60 0(0) 
HYPL70 0(0) 
HYPNU2 0(0) 
JAAU 0(0) 
KAAN 0(0) 
LIBOA 0(0) 
LOCA7 0(0.01) 
LYAM 0(0) 
LYAN2 0(0) 
LYCOP2 0(0) 
LYOB 0(0) 
MACA4 0(0.01) 
MELI2 0(0) 
MIRE 0(0.01) 
MNIUM2 0(0) 
MNSP2 0(0) 
MOUN3 0(0) 
OCAC 0(0) 
ONSE 0(0) 
ORAS 0(0.01) 
OSCI 0(0) 
OSCL2 0(0.01) 
PASU63 0(0) 
PEPO60 0(0) 
PIGL 0(0.01) 
PLOR4 0(0) 
POAL24 0(0.01) 
POCO38 0(0) 
POTR5 0(0.01) 
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Table A.8. Continued 
 
NRCS Code Mean(SD) 
PTAQ 0(0.01) 
PTCR70 0(0) 
PTPU2 0(0) 
PYAM 0(0) 
QURU 0(0.01) 
RHTR70 0(0) 
RUFL 0(0) 
RUPU 0(0) 
SOLID 0(0) 
SPCA70 0(0) 
SPGI70 0(0) 
SPHAG2 0(0) 
SYLA4 0(0) 
TETRA20 0(0) 
THDE10 0(0.02) 
THOC2 0(0.01) 
THUID 0(0) 
TONI70 0(0) 
TORA2 0(0) 
TRBO2 0(0.01) 
TRILL 0(0.01) 
TRUN 0(0) 
ULCR2 0(0.01) 
UNK. 1 0(0) 
UNK. ASTER 0(0) 
UNK. BRYOPHYTE 1 0(0) 
UNK. BRYOPHYTE 2 0(0) 
UNK. DECIDUOUS 1 0(0) 
UNK. DECIDUOUS 2 0(0) 
UNK. DECIDUOUS 3 0(0) 
UNK. GRASS 1 0(0) 
UNK. GRASS 10 0(0) 
UNK. GRASS 2 0(0) 
UNK. GRASS 3 0(0) 
UNK. GRASS 4 0(0) 
UNK. GRASS 5 0(0) 
UNK. GRASS 6 0(0) 
UNK. GRASS 7 0(0) 
UNK. GRASS 8 0(0) 
UNK. GRASS 9 0(0) 
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Table A.8. Continued 
 
NRCS Code Mean(SD) 
UNK. HERB 1 0(0) 
UNK. HERB 2 0(0) 
UNK. HERB 3 0(0) 
UNK. HERB 4 0(0) 
UNK. LICHEN 1 0(0) 
UNK. LICHEN 2 0(0) 
UNK. LICHEN 3 0(0) 
UNK. LICHEN 4 0(0) 
UNK. LICHEN 5 0(0) 
UNK. LIVERWORT 0(0) 
UNK. SEDGE 0(0) 
UNK. SHRUB 0(0) 
UNK. TREE 0(0) 
USNEA2 0(0) 
VAAN 0(0.01) 
VIBUR 0(0) 
VINU 0(0) 
VIOLA 0(0) 
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Table A.9. Proportion lifeform cover for the 10-year selection treatment and unharvested reference by unit. 
 
 10-Year Selection Unharvested Reference Overall 
Unit 12 20 32A 32B Overall 
Number of Transects 13 11 10 10 44 
Number of Quadrats 145 121 111 110 487 
Variable Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range Mean(SD) Range 
Proportion Bryophyte Cover 0.052(0.069) 0-0.425 0.039(0.057) 0-0.45 0.046(0.036) 0-0.267 0.056(0.052) 0-0.39 0.048(0.056) 0-0.45 
Proportion Fern Cover 0.019(0.07) 0-0.5 0.019(0.066) 0-0.4 0.002(0.012) 0-0.115 0(0.001) 0-0.01 0.011(0.051) 0-0.5 
Proportion Forb Cover 0.002(0.005) 0-0.035 0.006(0.018) 0-0.167 0.007(0.012) 0-0.055 0.004(0.014) 0-0.08 0.005(0.013) 0-0.167 
Proportion Gramin Cover 0(0.004) 0-0.04 0.002(0.007) 0-0.06 0(0.002) 0-0.02 0.003(0.013) 0-0.1 0.001(0.007) 0-0.1 
Proportion Lichen Cover 0.002(0.007) 0-0.05 0.004(0.009) 0-0.07 0.002(0.007) 0-0.05 0.005(0.029) 0-0.3 0.003(0.015) 0-0.3 
Proportion Shrub Cover 0.012(0.044) 0-0.4 0.005(0.016) 0-0.105 0.004(0.016) 0-0.12 0.003(0.008) 0-0.05 0.007(0.027) 0-0.4 
Proportion Subshrub Cover 0.007(0.026) 0-0.184 0.024(0.073) 0-0.5 0.019(0.045) 0-0.25 0.02(0.058) 0-0.35 0.017(0.053) 0-0.5 
Proportion Tree Cover 0.095(0.13) 0-0.675 0.09(0.109) 0-0.654 0.156(0.134) 0-0.701 0.058(0.084) 0-0.449 0.099(0.121) 0-0.701 
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APPENDIX B: ABIOTIC AND BIOTIC DISTURBANCE HISTORY ON C33 
Little is known about the disturbance history on the Penobscot Experimental Forest (PEF) prior to 
its establishment in the 1950s (Sendak et al., 2003).  Prior to 1950, the forest underwent repeated partial 
harvests, eventually resulting in a second-growth structure at the time of its establishment (Kenefic and 
Brissette, 2014).  There is some evidence of fire (Puhlick et al., 2016a, 2016b), though stand-replacing 
disturbances were uncommon.  Ten growing seasons following harvest on C33, minimal windthrow was 
observed along the edges of the strip clearcuts (Czapowskyj et al., 1976).  It was estimated that 0.69 m3 
ha-1 yr-1 within residual strips and 0.22 m3 ha-1 yr-1 within clearcut strips, was lost to windthrow in a 10-
year period.  Merchantable volume lost to windthrow within clearcut strips was around 0.14 m3 ha-1 yr-1.  
During the ca. 1972-86 eastern spruce budworm (Choristoneura fumiferana) outbreak, low to moderate 
mortality was observed in other stands within the PEF (Puhlick et al., 2016d); data for C33 are not 
available.  Overall, the PEF experienced lower mortality than more northern forests during and following 
the outbreak (Kenefic and Brissette, 2014).  This was likely due to the mixed species composition of the 
forest, reducing vulnerability (Kelty et al., 1992).  The regenerating cohort in the C33 strip clearcuts was 
still very early in the stages of stand development (Nyland et al., 2016) and likely, minimally influenced 
by the infestation.  Though, seven 40.2 m residual strips within C33 received variants of girdling/felling, 
clearcut, and shelterwood establishment cuts in 1978-79, as part of spruce budworm mitigation research 
(Frank, 1979; Frank and Lawlor, 1978).  In 2012-13, there was some windthrow from an adjacent harvest 
but only impacted the outside buffer on the western-side of C33.  Overall, the treated areas within C33 
have remained intact and minimally influenced by abiotic and biotic disturbance. 
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